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ABSTRACT 


The reaction of the appropriate complex of the type 
R3M'M(CO) 5 with methyllithium, followed by treatment with 
aqueous hydrochloric acid yielded cyclic germoxy- and 
sltannoxy-Ccarbenercomplexes Of empirical formula 
R5M'M (CO) ,COMe (R = Ph; M' = Ge; M = Mn, Re. R= Me; M' = 
Ge, Sn; M = Re. R = Me; M' = Ge; M = Mn). Hg NMR 
spectroscopy has been important in the formulation of these 
derivatives as carbene complexes. 

Through the use of 1a NMR spectroscopy, two of the 
cyclic germoxycarbene complexes (R = Me; M = Mn, Re) have 
been found to exist as equilibrium mixtures of monomeric 
and dimeric forms in solution. Thermodynamic parameters 
for these equilibria have been determined. 

In several reactions of germoxycarbene complexes with 
methyllithium and methoxide ion it appeared that nucleo- 
philic attack occurred at the germanium atom, causing ring 
Opening to occur and providing a route to the formation of 
non-cyclic carbene complexes. 

The reaction of complexes of the type R,M'M(CO) . with 
methyl- or phenyl-lithium, followed by treatment with 


aqueous Et. OBF yielded a series of non-cyclic carbene 


3 4! 
complexes, ets-RM'M(CO) ,C (OEt) R' (R = Ph; M' = Ge, Sn; 
M = Mn; R' = Me, Ph. R = Me; M' = Ge; M = Re; R' = Me). 
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The reactions of two such derivatives with ethylamine led 


to the aminocarbene complexes, cis-R GeM (CO) ,C (NHEt) Me 


5) 
(R = Ph; M = Mn. R= Me; M = Re), both of which appeared 
to be formed as a mixture of two isomers, resulting from 


restricted rotation about the carbene carbon to nitrogen 


bond. 
ils? ‘ 
A CeNMRestudcy hasbeen’ carricdseout ofa complex 
containing a ketone group bound to rhenium through its 
oxygen atom. The assignment of the ketonic carbon reso- 


18S 


nance was confirmed through the use of a C enriched 


sample. 
le studies have been extended to include a series of 
rhenium pentacarbonyl derivatives. Earlier attempts to 
correlate ee chemical shifts of carbonyl carbon atoms 
Waimea bony lestretching force constants have been examined 
in the light of the new data, and the conclusion has been 


reached that this type of correlation is inadequate to 


explain many spectral features. 
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CHAPTER I 


Transition Metal Carbonyl Complexes 


Transition metal carbonyls have been known since the 
discovery of Ni(CO), by Mond in 1890.2 However, a sSys- 
tematic study of the chemistry of these organometallic 
derivatives did not begin until recent years and’ this has 
rapidly become a very active area of research. Many 
derivatives of metal carbonyls have been prepared and some 
complexes have found use as catalysts in industrial pro- 
cesses. A useful guide to the literature in organo- 
transition metal chemistry covering the years 1950-1970 
has been published. Other useful general reviews include 
a "Specialist Periodical Report" on "Organometallic 
Chemistry,"? and the "MTP International Review of Science, 
Series One, "4 covering inorganic chemistry. 

Transition metal carbonyl complexes generally involve 
a metal ina low formal oxidation state. The strong metal- 
carbon bonds in these derivatives have been attributed to 
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the synergic effect of o and tm interactions. 
simplified molecular orbital picture of this type of bond- 
ing is shown in 1 and 2. A metal carbon o bond is formed 
bysOverlap offal fibled *sp=hybrid®orbi tal oF *carbom anda 
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mecalewith an empty, antibonding 1* orbital of the €O group 
in 2. Charge transfer in the o bond is in the opposite 
Grrection towthat ianythe Ww bond, and the latter is™crucial 
in removing excess negative charge from the metal atom. 

The increase in electron density in the m* antibonding 
CEotcaimoLt COs reduces thie, CO™bond) order. = lhiis ehtect 1s 
readily observed in infrared spectroscopy; the stretching 


7 but ain metal carbony! 


Prequency  soletree COs1s 2155" cm" 
_ complexes CO stretching bands are usually found below 2100 
em7>, Similar synergic bonding pictures can be constructed 
for ligands which are often found as substituents in carbonyl 
derivatives and which can also contribute to the stabilization 


of the metal in a low oxidation state, for example, tertiary 


BHOssMnes, snl CLiceoxide= and vaglous OLenins. 
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Attempts have been made to estimate the relative con- 
tributions of the o-donor and m-acceptor properties of a 
given ligand to the strength of the metal-ligand bond, and 
this has been a point of some controversy. In carbonyl 
complexes the discussion has largely involved the use of 
infrared spectroscopy, /"® although other approaches ace 
been used. ? The interdependence of the o and 7 contribu- 
tions expected from the synergic bonding model suggests 
that bonding discussions should acknowledge the importance 
Off both’. 

Most transition metal carbonyls and their derivatives 
are diamagnetic, and their stoichiometry can often be 
predicted by the very useful effective atomic number rule, 


also known as the "noble gas formalism. "9 


This requires 
that the number of electrons possessed by the transition 
metal plus the number of electrons contributed to the metal 
by the ligands equals the number of electrons in the suc- 
ceeding noble gas atom. Ligands such as carbon monoxide 

and carbene groups are thought of as two electron donors. 
Main group IV ligands, such as the Me ,Ge~ group, covalently 
bound to the metal act as one electron donors. As an 
illustration of the noble gas formalism consider the carbene 


complex cts—-Me GeRe (CO) ,C (OEt) Me described later in this 
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work. A rhenium atom requires eleven electrons from the 


ToandsS tO attain the electronic COniiguration of radon. 
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These electrons are supplied as follows: eight from the 
four carbonyl ligands, two from the carbene ligand and one 
from the organogermanium group. 

A number of transition metal complexes, notably many 
of rhodium, iridium, palladium and platinum do not conform 
to the effective atomic number rule. However, the axel 
usefulness of the rule in a vast majority of other cases 
Cannot be overemphasised. All of the novel complexes of 
manganese and rhenium reported later in this thesis con- 


form to the effective atomic number ries 


Transition Metal Carbene Complexes 
ee ee ee eee COMPLEXES. 


The term transition metal carbene complex will be 
used here to describe compounds of the general type shown 


in 3. The carbene :CXY is coordinated to a metalwatom, sm, 


~ 





“this assumes that the rhenium atom is formally in the 
zero oxidation state. Group IV ligands can also be thought 
of as anionic two electron donors to rhenium in the +1 
oxidation state; Re(+1) requires twelve electrons to attain 
the radon configuration and hence the effective atomic 
number rule is obeyed. 
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with other ligands, Loe also present. The carbene ligand 
TSeusua liye bound aceallaeilny, butecanmalsomactuasmanbridging 
moiety in which case the carbon atom is no longer three 
coordinate. Examples of this latter type will not be dis- 
eussed here. othe stability of transition metal. carbene 
complexes of the type 3 illustrates how coordination to a 
metal can stabilize groups which would normally not be 
isolable in an uncomplexed state. 

Since the existence of transition metal carbene com- 
plexes was established with the preparation of W(CO) .C (OMe) Ph 


oe in 1964, this research area has re- 
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and W(CO) -C (OMe) Me 
ceived much attention. Several useful reviews exist 
and no attempt will be made here to review the very large 
amount of work published to date. Some aspects of carbene 
chemistry relevant to this thesis should however be 
discussed. 

Carbene ligands are usually found in complexes in 
which the metal is in a low oxidation state. These com- 
plexes therefore often contain such groups as carbon 
monoxide and tertiary phosphines as accompanying ligands. 
With few exceptions stable carbene complexes have been 
Odtainecdewhenen On OL both, 41n 3 contain an element other 
than carbon, usually oxygen, nitrogen or sulphur, bound 
directly to the carbene carbon atom. The tm interaction 


between the carbene carbon and adjacent heteroatoms is very 
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important in the stabilization of most carbene complexes. 


A recent, and very interesting example of a carbene in which 


such a heteroatom is not present is the compound W(CO) ,CPh,,7° 
a stable complex containing a diphenylcarbene group. 
Terminal diphenylcarbene complexes of rhodium had earlier 


ou but the complexes have since been shown 


been postulated, 
to contain only bridging diphenylcarbene groups.*° The 

carbene complexes synthesised in this work all involve hetero- 
atom stabilization of the carbene and the following brief 
bonding discussion applies to derivatives of this general 
type. 

A clear and concise account of the bonding in metal 
carbene complexes has appeared elsewhere; 1" OU yeae chore 
summary of the more important features will therefore be 
presented here. This can perhaps best be achieved by re- 


ference to a particular example, namely, Cr (CO) <C (OMe) Ph, 4. 


OMe 





(OC)Cr iC 
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In this complex the three atoms bound directly to the car- 
bene carbon atom are coplanar and bond angles at the carbene 
Carbon of 122°, 104°, and 134° establish the essentially 

sp? character of this atom. The carbene carbon to oxygen 
Dondwlengehno Lil .33 A is very much shortened compared with 
aenoricleCc-Ossing eubondedistance, (.8 1.43 A) reflecting the 
pm-pt overlap involving lone pair electron density on oxygen 
and the empty p orbital of the carbene carbon atom. The 
phenyl ring is approximately perpendicular to the plane 
defined by the carbene carbon and the three atoms directly 


bound to it, suggesting that no m1 overlap occurs between 


the phenyl ring and carbene carbon atom. 


The bonding of the carbene to the metal atom can be 
discussed in similar synergic bonding terms previously used 
to describe bonding between a metal and a carbonyl group 
foo 1 and 2). hee Ca bbeneecaLllOnmabtomecanspentaougiemto 
donate a pair of electrons from an sp- hybridised orbital 
into a vacant hybridised orbital of the metal and to receive 
MétaINdSeGlectrons into 1ts empty; p orbital. “Thus the car— 
bene carbon atom is 1 bonded to both its heteroatom and 
the transition metal, in this case oxygen and chromium. 

The observed chromium to carbene distance of 2.04 A in 
Cr (CO) .C (OMe) Ph is appreciably shorter than that predicted 


° 
ij B96 Cr-c (sp*) COnea2 cieA, Using dai eStimacled Cr(O) Covalent 
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Cneemetca weand cthemcanbenesis indicated Ss" 1t “appears that 
the t-acceptor/o-donor ratio is lower for a carbene than 
POReancaroonyl: erate from force constant analyses. For 
example, approximate force constants for the carbonyl 
groups ets and trans to the carbene ligand in Cr (CO) ,C (OMe) Ph 
Ar Cee oe aii ore) 0 mdyn/A respectively.*t The lower force 
constant) for “the trans carbonyl fully supports the above 
contention. 

Despite tm bonding from both the metal and heteroatom 
attached to a carbene carbon atom, the latter still behaves 
chemically as an electrophile. For example, phenyllithium 
avctacks the “carbene "carbon in W(CO) -C (OMe) Ph rey Geeks) Se siveie 
stage of the synthesis of the diphenylcarbene derivative 
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mentioned earlier. This latter compound, W(CO) .CPh has 


Z 
itself been reacted with the nucleophile trimethylphosphine 


to give a complex formulated as an alieks, Big Sekbialews 


derivatives have been prepared from carbene complexes of 


chromium and tungsten in which oxygen or sulphur hetero- 
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atoms are present in the carbene ligands. The 
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electron-deficient nature of coordinated carbene carbon 
atoms is further exemplified by their very low field chemi- 
Colcol htsetn rile NMR spectra. For example, the carbene 
carbon resonance in Cr (CO) .C (OMe) Ph SCCUNS gate—355 0 ome On. 
downfield from tetramethylsilane. “1 

Most of the general methods of synthesis of carbene 
complexes, of which there are now quite a few, have been 
described eleewnerets and no attempt to eee alivor 
these methods will be made here. Only two methods of syn- 
thesis of new carbene complexes are employed in this work 
and these will now be described. | 


Fischer and Maasbé1-+ found that organolithium re- 


agents attack coordinated carbonyl groups to give acylate 
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intermediates of the type 6. Such intermediates can be 
converted to neutral carbene derivatives by treatment with 
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hydroxycarbene complex followed by treatment with diazo- 
methane? + as shown in I-l. In this work both protonation 
and alkylation of acylate salts have been carried out, the 
former producing some rather unexpected and interesting 
results (see Chapter II). 

The second route to new carbene complexes employed 
herein involves the modification of carbene ligands already 
coordinated to a metal. Fischer and co-workers discovered 


that alkoxy groups can be cleaved from carbene carbon atoms 


by treatment with reagents such as amines~° and ehiolls! 5c 
(OC) -Crc (OMe) Me +. MeNH,, = (OC) .CrC (NHMe) Me + 
MeOH I-2 
(OC) .Crc (OMe) Ph ap pdaleysh =. (OC) .CrC (SPh) Ph oF 
MeOH I-3 


It seems appropriate here to present a brief descrip- 
tion of attempts to synthesize analogs of carbene complexes 
containing elements other than carbon from the fourth main 
group, namely, silylene, germylene, stannylene and plumby- 
lene complexes. Such derivatives should be discussed since 
complexes which have been claimed to belong cS this class 
are relevant to structural arguments concerning the cyclic 
compounds described in Chapter II. 

tne o07  Schomrd wand Balk~/ claimed to have prepared a 
silylene complex of platinum according to the following 


scheme: 
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(PhP) ,Pt + Si,Cl, > ets~(Ph,P),Pt(Sicl,). + 
2PPh, [-4 
ets—(Ph,P)5Pt(Sicl.,), + PPh, > 
(PhP) Pt (Sicl.). + C1,PPh, I-5 


The analogous bisdibromosilylene complex was also claimed. 
This work has since been contested~® endm ches oroduc tao & 


I-5 reported by Schmid and Balk reformulated as the siloxane 


complex, 7. 
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Much of the subsequent interest in this area has been 
generated by the work of T. J. Marks and co-workers. It 
was found that the reactions of dialkylgermanium- and 


dialkyltin-dihalides with Na,Cr. (CO) 49 in THF proceed as 


shown in I-6.°° 
REM*ee FEhNaacre (CO) ee i Ms > Cr(CO)) a+ 
2 2 Lae? 10 2) 5 
THF 8 
NaCl + NaCr (CO) -Cl I-6 


R = Me, mM! = Ge; Re Ss Mey Mi = Ss 1 SS t-Bu, M! = Sn. 





The product is drawn here as represented in the original 


12 


publication in which derivatives of this type were referred 


to as germylene and stannylene complexes. It was found 


that the THF could not be removed from the product without 


inducing decomposition and attempts to carry out the re- 


action in non-coordinating solvents failed. Thus the 


germanium and tin atoms in these complexes did not exist 


in a three coordinate environment. Similar products have 


been prepared from the reactions of Lewis bases with 


molecules of the general formula [ReM Ee (CO lpia: 9. 
¢ e 
0 Q 
pe i 
/ 
ow | 00 28. 2 oc he HR, 
oC | ae | “Ss | 
ye, ie C 
6 6 0 
9 10 
M' = Ge, R = Me, Ph; M' = Sn, R = Me, t-Bu, Ph; M' = Pb, 


Ries buvyeehy BBe— THEY pyridine ,wacetoney acetonitrite, 


diethyl ether, dimethylformamide. 


Subsequent work has suggested that compounds of the 


type 8 and 10 are not true carbene analogs. A crystal 
Structure O& amcomplexyorntypess, Giniwhich R = ¢-Bu, 


M’ = Sn and the Lewis base coordinated to the tin atom 


7, 
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was pyridine, clearly revealed a coordination number of 
four for the tin atom and a valence shell octet of elec- 


faces, On the basis of 119 


Sn Mossbauer and X-Ray 
Photoelectron (ESCA) studies of complexes of the types 
8 and 10 it was concluded that these molecules are better 


described as ylide derivatives, >” With COntribubilons from 


i if 
R Beas R | 
—S = a 
lla 11b llc 


Sepuceunecm arc, met iisuiS fully consistent with solution 
infrared studies of derivatives of this type, the carbonyl 
stretching bands normally occurring in regions generally 


associated with anionic metal carbonyl species.*?' 2° 


It 
should be noted here that carbene complexes containing 
heteroatoms such as oxygen and nitrogen gain stability by 
the donation of electron density from the heteroatom to the 
carbene carbon atom. This can be viewed in terms of the 
type of resonance structures shown in lla-c™> with the 
difference that this stabilization is within the carbene 


ligand itself and does not require the coordination number 


atmcarbon to im¢erease: from three to four, 
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Ylide complexes related to the compounds prepared by 


290 
MarkiSaan have been prepared by the direct interaction ofa 


nitrogen-germanium ylide, 3-benzothiazole-dichlorogermylene, 
with the hexacarbonyls of chromium, molybdenum and tungsten 


under ultraviolet Urradtation, giving complexes of the nyo 


CjHgNS-GeC1,M(CO) . 33 


Schmid and aly discovered that the reaction of 
W(CO) ¢ with Sijt¢ under ultraviolet irradiation in n-pentane 
yields dimeric "pentacarbonyl (diiodosilylene) tungsten (0), 
[(CO) .WSiI,].. Merdimerve nature or thescomplexswassclearly 
established by mass spectrometry and a solution molecular 
weight determination in benzene. It was found that the 
solvent THF would cleave the bridges to give monomeric THF 
adducts analogous to Marks'! compounds. 7"? The dimeric 


[(CO) ,WSil,], complex was postulated to contain iodine 


batedesmlcadingetorstne structure l2. =Liethrsesstructure is 
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correct the complex can be considered as formally analogous 


to those of Markee oe 


with stabilization arising from 
donation of lone pair electron density from the bridging 
iodine atoms. 

Inconclusive results have appeared regarding the re- 
action of tin dihalides and the complex CsGeCl , with hexa- 
carbonyls of chromium, molybdenum and tungsten under 
Wncravioleterrradiation in THF.>> The complexes were for- 


mulated as monomeric M(CO) ,SnX., (X —eC le ole ean 


M(CO) ,GeCl.. Some of these complexes existed as THF adducts 
and others did not. In the latter case the complexes were 
described as having the Group IV atom with coordination num- 
ber three. Solution infrared spectra and solution molecular 
weight determinations were carried out in the powerfully 
coordinating solvents CH,CN and THF respectively, both of 
which might be suspected of breaking up larger polymeric 
units. Furthermore mass spectra of these complexes could 
not be obtained which could also be consistent with poly- 
meric units, presumably linked by halogen bridges. 

Other inconclusive work postulating silylene-, germylene 
and stannylene-transition metal derivatives as reaction 


intermediates has appeared. 26°37 


Tee Ledct a Onsmunde radi o= 
cussion involve the replacement of chlorine atoms on the 
coordinated Group IV ligand with fluorine atoms, by 


interaction with reagents such as AgBF, as in I-8. There 
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C1Ph.GeMn (CO) , ot AgBF, ae, SUSI gi GeMn (CO) , ate 


2 


AgCl + BF I-8 


3 


is no mechanistic’ evidence however to establish whether the 
reaction involves a three- or five-coordinate intermediate. 
Elegant work by Lappert and co-workers has produced 
the first fully-authenticated transition metal stannylene 
complexes. A stable divalent tin species was synthesised 
(I-9) and reacted with chromium and molybdenum hexacarbonyls 


to give stable stannylene complexes My The X-ray 


ether 


Sncl 0° 





2 + (Me,Si) ,CHLi Sn [CH (SiMe,).], I-9 


M(CO), + Sn[CH(SiMe,),], ae 
lA 


[ (Me,Si) ,CH],SnM(CO) , I-10 


M = Cr, Mo 


crystal structure of the chromium complex confirms the 
stannylene formulation,” and other stannylene complexes 


have been prepared using the same tin(II) ligand (I-11-14). 


(Ph,P) ,RhCl ap (he Shek oe (PhP) 5 (R,Sn) RhCl Tat Bil 


2 


[(Et,P)Ptcl,], zt R,Sn an 


(Et,P) PtCl (SnR,) (SnR,C1) I-12 
(norbornadiene)Mo (CO) , + 2R5Sn > 
trans-(R,Sn) 5Mo (CO) , I-13 
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CO 
T(n- -C, H 5) Fe (CO) alo + Ry Sime me I-14 
; R wa De pgs 
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The novel plumbylene complex [ (Me Si) ,CH] ,PbMo (CO) , has 
also been prepared.” iit Se Choughtathatethesstabieiicyvmot 
these transition metal complexes and of the parent tin(ITI) 
ane cad (th) tqandcsiseprobably Kinetic: in origin) and 
derives from the bulky R groups.>” 

Recently Harrison et al. have reported reactions 
analogous to I-7 involving the reaction of pyridine with 
[R,M'Fe (CO) ,], derivatives (where R = Cl, Br, CoH., MeC, Hy, 
and several §-diketonate iiigendsi- Reactions of the type 


ij lowandei—~lGsweresalso reported. Both reactions formal ly 


Ph~ tae Pho 


jor=0) oat 
HCe Sn+CriCOlg M9 |HCG i=? CHO), 

Fa 2 mee 
Z L105 


involve tin(II) species. The product of reaction I-15, 14, 
clearly contains five coordinate tin and little data was 


given regarding the product of I-16. 
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hy 
(CoH.) ,Sn + W(CO)— —> (C,H) .SnW(CO) I-16 
Prometnonabover description itecansbe seen that the 
only fully authenticated carbene analogs produced to date 


are those of Lappert et me 12 


in which the Group IV 
atom is three coordinate. Unfortunately, the terms 
"“stannylene" etc. nave also been used to describe the four 
coordinate compounds prepared by Marks and others. 77739 
ft might avoid confusion if these latter derivatives were 
described as analogs of ylide complexes; this has been 


shown to be a rather appropriate description of the bonding. >? 


aml 


Thus the complex [C.H.N(¢-C Sncr (CO) .] would be renamed 


449) 2 


(pyridino-di-tert-—butylstannylide) pentacarbonylchromium. 


Complexes with Main Group IV Metals 


Over the past decade this research area has received 
much attention and many transition metal complexes contain- 
ing silicon, germanium, tin and lead moieties as ligands 
have been prepared. One small area of this work, namely, 
approaches to the synthesis of metal carbene analogs, has 
been described above. Several general reviews have appeared 
of which two of the more recent and useful examples are 
those of Glockling and Ses eane, oo and Brooks and Cromsu.< 
Also there exists a review of transition metal-silicon 


43 
compounds. 
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The bonding between transition metals and elements of 
the fourth main group other than carbon is usually thought 
to consist of a o and wm bond combination, the latter involv- 
ing donation of d electron density from the metal into an 
empty d orbital on the ligand. It appears from attempts to 
correlate CO stretching frequencies or force constants with 
o and mt bonding within the transition metal-group IV metal 


8,44 


bond that the o bonding predominates. The mt character 


appears to be appreciable when halogen substituents are 
attached to the group IV atom, thus increasing its electro- 
negativity with respect to the transition metal. This has 


en MOcetaeri and eco nor*® experiments, 


47 


been shown by 
dsawelle as by molecular orbital calculations. 
OEPLelevances lLOstic —fOrmatlon of tne cyclic derivatives 
etocusccdsii (hap ter Il is the reactivity of group IV Jigands 
attached to a transition metal, more specifically the con- 
ditions under which alkyl and aryl substituents have been 
cleaved from germanium and tin atoms coordinated to 
manganese and rhenium. Of particular interest are the 
reactions involving hydrogen halides, the reagents also 
employed in this work, and some examples are given below. 


CCl 


4 
PhSnMn (CO) , + excess HCl da5o° 


PhCl,SnMn (CO) . + (trace) C1,SnMn (CO) , I-17 
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6 days 


Me C1SnMn (CO) , 


y t=pentane 
4. a 
Me ,SnMn (CO), excess HCl Seaiemeniner 


SUC eenours 


MeC1,SnMn (CO), 


ccl, 
PhSnRe (CO) , foc xCess Deke Ent oneloes 
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C1,SnRe (CO) , 
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CHAPTER I1 


Cyclic Germoxy- and Stannoxy-carbene Complexes of Manganese 


and Rhenium 


Introduction 


As has been pointed out in Chapter I, both transition 
metal carbene complexes and transition metal-group IV metal 
complexes have been subjected to intensive StuUdCVyeanerecent 
years. However, prior to commencement of work in this 
group, only one report existed of a metal carbene complex 
with a group IV ligand other than carbon also present in 


the molecule. The complex trans—-Ph SnCo (CO) ,C (OEt) Ph and 


3 
PhM'Co(CO) , FePhii 
Et ,OBF , 
trans-Ph3M'Co (CO) ,C (OLi) Ph ES, 
trans-Ph.M'Co (CO) ,C (OEt) Ph II-1 


its lead analog were prepared by a conventional route 
eye The work presented in this thesis began as an 
attempt to prepare related derivatives of manganese and 
rhenium. 
: 52 

Work tan this taboratory by Dr. W. K. Dean has yielded 
a large number of derivatives notably of manganese, 
molybdenum and tungsten, in which both group IV and carbene 


ligands are present, though none of these have been of the 
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cyclic type described here. Typical syntheses are shown 
in II-2 and II-3. A crystal structure of trans—(n-C,H )- 


Mo (CO) 5 (GePh,)C (OEt) Ph has been completed.>? This complex 


(n-C.H_)M(CO) . (M'Ph,) + RLi > 








+ 
Ry, 
= pes ] 7 
trans-(n CoHe)M(CO). (M Ph,)C(OLi)R 
52 
= (n= ' v - 
trans-(n CoH. )M(CO) . (M Ph,)C(OR )R II-2 
M = Mo, W; M' = Ge, Sn; R = Me, Ph, t-Bu; R' = Me, Et. 
MeMn (CO), + [Et,N] [GeCl,] > rer 
cis~[C1,GeMn (CO) ,C (0) Me] [Et ,N] 3 
ei s-C1,GeMn (CO) ,C (OR) Me 2277-3 


R = Me, Et. 


shows structural features normally associated with metal 
carbene complexes. The molybdenum to carbene carbon dis- 
tance of. 2.06 A is appreciably shorter than the Mo-C (sp*) 
distance of 2.26 A in (N-CgH,)Mo (CO) 5 (PPh) COMe, >" suggest- 
ing some degree of 7 interaction between the metal and 
carbene carbon atom. . The carbene ,carbon, to, oxygen distance 
Bie 38 A also suggests some degree of double bonding. The 
ethoxy group was found to be disordered but the point mid 
way between the two disordered positions of the oxygen atom 
lies on a plane defined by the carbene carbon and its other 
two substituent atoms. The plane of the phenyl ring is 


approximately perpendicular to the plane of the carbene 
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carbon and its three substituent atoms. These bonding 
features are similar to those described in Chapter I for 
Cr (CO) .C(OMe)Ph, 4.7” The formation of cyclic germoxy- 
and stannoxy-carbene complexes of the type described below 
from the intermediate acylate salts in II-2 is presumably 


precluded by the trans geometry. The reaction of the 


acylate salt in II-3 with AGBF y+ in an attempt to generate 


2 


f l . ee e - 
C1.GeMn (CO) ,C (0) Me or its dimer, yielded only Cl GeMn (CO) ,.” 


3 
In the following discussion of the formation of cyclic 
carbene derivatives, hydroxycarbene complexes are postulated 
as possible intermediates. In general such compounds are 
unstable and have been employed as intermediates to methoxy- 
carbene complexes which are formed upon reaction with diazo- 


methane-+ 


(I-l1). However, some stable hydroxycarbene 
complexes have been isolated. With respect to the manganese 
sub-group, a stable hydroxycarbene complex of rhenium has 
been prepared, namely, (n-C,H,) Re (CO) .C (OH) Me,” and stable 
manganese derivatives of the type ets—XMn (CO) ,C (OH) Me have 
been prepared (X = Br, aye In the manganese complexes 
stabilization occurs via hydrogen bonding between the 
hydroxy groups and halogen atoms. 

The cyclic derivatives prepared in this work constitute 


only the second example of carbene complexes in which an 


element .ofi:group.1IV other,than «carbon, is,.attached «to.the 
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Carbene oxygen atom. The first example was the rather un- 


stable, non-cyclic derivative Cr (CO) .C (OSiMe,)Me prepared 


by Moser and Fischer.’ 


/ 


Synthesis and Characterisation of Complexes 
ae oe eee ee Oe ST OD Ce SOM exes. 


Thesreaction of methyllithium with Ph GeMn (CO) , was 


3 
found to proceed by attack at a carbonyl ligand eis to 


the group IV ligand to give the lithium acylate cis- 


Ph,GeMn (CO) ,C (OLi) Me (II-4). The acylate anion could be 


Ph,GeMn (CO), + MeLi ether, 
ets-Ph.GeMn (CO) ,C (OLi)Me TI-4 
eis-Ph,GeMn (CO) ,C(OLi)Me + Et,NBr es 
[ets-Ph,GeMn (CO) ,C(0)Me] [Et,N] + LiBr TT! 


isolated as its pure, white tetraethylammonium salt by 
treating the lithium acylate with tetraethylammonium bromide 
in water (II-5). Treatment of the same lithium acylate 


with Et OBF , in water yielded the neutral carbene complex 


3 
ets-Ph,GeMn (CO) ,C (OEt)Me (II-6). However, it was found 
eis-Ph,GeMn (CO) ,C(OLi)Me + Et,OBF, ee 
ets-PhGeMn (CO) ,C (OEt) Me II-6 


unexpectedly that reaction of the lithium salt with either 


Me ,OPF, or MeOSO.F produced only a low yield of the expected 


ets-Ph ,GeMn (CO) ,C (OMe) Me and predominantly a complex of 
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empirical formula Ph GeMn (CO) ,COMe Qi-vjme Tne, latcer 


2 
eis-Ph,GeMn (CO) ,C(OLi)Me + Me,OPF, or MeOSO,F water. 


ets-Ph GeMn (CO) ,C (OMe) Me rma WN 


2 GeMn (CO) ,COMe i 


2 


could be prepared in a pure state as the sole carbonyl- 


containing product from treatment of the lithium salt with 


aqueous hydrochloric acid (II-8). The non-cyclic derivatives 
eis-Ph,GeMn (CO) ,C(OLi)Me + Hcl WAtSr 
Ph,GeMn (CO) ,COMe + LiCl II-8 


mentioned here will be discussed more fully in Chapter V, 
and the discussion in the present chapter will be confined 


largely to cyclic derivatives of which Ph GeMn (CO) ,COMe was 


2 
found to be an example. 

Both cyclic and non-cyclic derivatives are prepared 
from lithium acylates of the type prepared in II-4. The 
geometry of these acylate salts is eczs in all cases studied 
SQmcan etic secu ll ys. COnSiStLEnt with thes pos tulateso. 
Darensbourg and Darensbourg which states that "when there 
is aechoice of carbonyl groups, within a molecule, nucleo- 
DoUitewatcvachealwayseOoccursc at thnerCOygroup ait the greater 


as A greater stretching force 


StLetciing Srorce constant... 
constant implies a lower electron density at carbon. In 


mono-substituted manganese- and rhenium-pentacarbonyl 
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complexes the ets carbonyl groups always have a higher 
stretching force constant than the trans® (see Chapter 
VII), and thus methyllithium attack would be expected to 
OcCcuULreatea Carbonyl group; czs to the group! IV ligand, as 
is observed. 

By a route analogous to II-8 products of empirical 
formulae Me GeMn (CO) ,COMe, Ph 


Z 2 2 


and Me.SnRe (CO) ,COMe have been prepared. The structures of 


these complexes have been established through the use of 


GeRe (CO) ,COMe, Me.,GeRe (CO) ,COMe 
4 4 


analyses, mass spectrometry, infrared spectroscopy, and 
i and 3c NMR spectroscopy as described below. All com- 
pounds are white when pure and in the solid state the 
rhenium derivatives are quite air-stable. The diphenyl- 
germyl-manganese derivative is mildly air-sensitive, de- 
composing over ca. 24 hours, and MeGeMn (CO) ,COMe becomes 
vellowkafter exposure to air for 1) hour. 

All five complexes of this type were found to have 
BOuULpecarvonyiestrecching bands in Solution sintrared specira, 
indicative of cts-disubstituted geometries at the central 
metal atom (see Figures 1-5 and Table I). The rhenium 
complexes are neither very soluble nor very stable in 
hydrocarbon solvents and their spectra were recorded in 
dichloromethane in which Me.GeRe (CO) ,COMe and Me SnRe (CO) ,COMe 


2 4 2 


are quite stable. However, Ph.GeRe (CO) ,COMe LS -noOteateakl 
stable in solution and even in dichloromethane its infrared 
spectrum must be recorded quickly before peaks due to 


decomposition products begin to appear. Also, for this 
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reason, a satisfactory ly NMR spectrum of this complex has 
not been obtained. Decomposition occurs rapidly in the NMR 
samplestubeswhether the solution is made up in air, or 
under vacuum using carefully degassed solvent, but i NMR 
spectra in CDCl. indicate that the decomposition products 
are different in the two cases. The two manganese complexes 
are more stable in cyclohexane solutions than are their 
rhenium analogs but are observed to decompose if solutions 
ape ieft in the infrared cells. Infrared =spectra,andicate 
that Ph GeMn (CO) ,COMe decomposes in cyclohexane to 
MeCOMn (CO) . and hence to MeMn (CO) , over the course of 
several days. 

All five complexes of this type show parent ions in the 
mass spectrometer corresponding to monomeric units. Figure 
6 shows the computer simulated isotope combination pattern 


for the parent ion of Me SnRe (CO) ,COMe to which the observed 


2 


pattern was in very close agreement. However, a NMR stud- 
ies have shown that dimer-monomer equilibria exist in 


solutions of Me GeMn (CO) ,COMe and Me,GeRe (CO) ,COMe, while 


Z 


osmometric molecular weight determinations indicate that in 
diiute solutions Me.GeMn (CO) ,COMe exists largely as monomeric 


units while Me.SnRe(CO) ,COMe is predominantly dimeric (see 


2 4 
Chapter III for details of the dimer-monomer equilibria). 


The Ty NMR data fully support the suggested empirical for- 


mulae of the new complexes and further confirmation comes 


from analytical data (see Tables II and III). 
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On the basis of the above evidence several alternative 
formulations could be considered for these compounds. If 
we consider just the monomeric species, and accept that 
similar structural alternatives can exist for the dimeric 
forms, structures 15, 16 and 17 may be discussed. As infra- 


red bands in solid state (KBr disc and Nujol) spectra of 


Wy *) R, 

M 0 Mc—_O Ve 
op oc tie! | : 

M ~Me Ss OC ee 
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these complexes did not appear around 1600 cm +, aS required 
for a free acetyl group, structure 15 which would constitute 
a true germylene or stannylene complex can be eliminated, 
and we need consider only 16 and 17 in which the oxygen 

atom is interacting with the group IV metal. Structure 16 
contains a coordinated acetyl oxygen atom and a carbon atom 
which would presumably retain appreciable acetyl character 
and 16 is thus related to the derivatives prepared by Marks 


eae described in Chapter I. In 17 a carbene carbon 


atom is present. Through the use of ee NMR spectroscopy 
it has been possible to show that the carbon atom in question 


has essentially carbene character. 
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The peak due to the carbene carbon atom of the mono- 
meric form of Me ,GeMn (CO) ,COMe, which we can now represent 
as Me,GeMn (CO) ,C (6) Me, 1s observed at -338.0 p.p.m. relative 
to TMSetin?S cpcl, solution at ambient temperature. This is 
in good agreement with the highly deshielded carbene chemi- 
cal shifts previously observed. For example, the first-row 
complex Cr (CO) .C (OEt) Me exhibits a carbene carbon resonance 
ace—357 .S p.p.m.7 Furthermore, the dimeric form of 
13 


Me .GeRe (CO) ,COMe gives a 


close agreement with the carbene carbon resonance of the 


GyNMRe peak= at?=—8054 7@p. pemeramn 


novel complex cts-Me ,GeRe (CO) ,C (OEt) Me (see Chapter V) which 
occurs at -314.8 p.p.m. This region is well removed from 
that in which one finds acyl carbon resonances of metal acyls. 
For example, in MeCORe (CO) , and PhCORe (CO) . acyl carbon 
resonances occur at -244.0 and -245.4 p.p.m. (see Chapter 


Vibe ruliler® derailsvof 13 


C NMR results for new carbene 
derivatives are discussed in Chapter VI. 

The differentiation between structures 16 and 17 is not 
as clear-cut as might appear from the diagrams. Complexes 
related to 16 as prepared by Marks?” have been shown to 
possess the group IV atom in the +4 oxidation state, ?¢ not 
the +2 state as a diagram of the type 16 might suggest. 
THUS, 16 and 17 are quite closely related. Indeed they may 
be viewed as potential canonical forms representing the 
APs) 


actual structure. However, the C NMR results show that 


the molecules possess carbon atoms with a high degree of 
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carbene character and we therefore refer to such deriva- 
tives as cyclic germoxy- and stannoxy-carbene complexes of 
manganese and rhenium, 

The cyclic nature of the complexes has been further 
confirmed by X-ray structural work carried out Dye Diese 
L. ¥. Y. Chan and M. J. Bennett of this Department. Re- 


crystallization of a crude sample of Me GeRe (CO) , COMe 


2 
yielded excellent crystals which have been shown by X-ray 
crystallography to contain the dimeric form of the complex 
(Figure 7). Bond lengths and angles for [Me,GeRe (CO) ,COMe] , 
are given in Table IV. A list of fractional atomic coor- 
dinates can be found in Appendix I. 

The molecule contains an unusual eight-membered hetero- 
cyclic ring of rhenium, germanium, oxygen and carbon atoms. 
This structure is consistent with the cyclic germoxy-carbene 


formulation we have suggested on the basis of ae 


C NMR, but 
does not unambiguously distinguish between a carbene of the 
type 17 and a complex containing a coordinated acetyl group 
akin to 16. Both carbene and acetyl carbon atoms would be 
expected to have planar enviroments as observed. The ger- 


° 
Manium-oxygen distance at 1.96 A is significantly longer 


than in an iron-digermoxane complex: [ (n-C,H,) (CO) ,FeGeMe 
58 


212° 


° 
where a value of 1.785 A was obtained. The significant 


lengthening of the germanium oxygen bond in [Me GeRe (CO) ,- 


2 


CoMe] , could clearly be consistent with a coordinated acetyl 
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TABLE IV 


INTRAMOLECULAR DISTANCES AND ANGLES FOR [Me ,GeRe (CO) ,COMe] 











Distance A Angle Degrees 
Rel-Gel ese (EH Gel-Rel-cl WS 3h (a) 
Rel-Cl 1.90 (3) Gel-Rel-c2 90.7 (6) 
Rel=-C2 1.98 (2) Gel-Rel-cC3 865255 (9)) 
Rel-C3 1.86 (3) Gel-Rel-c4 Chika 2 ((O)) 
Rel-C4 59 7a (3) Gel-Rel-C5 82.8 (9) 
Rel-c5 2.14 (3) C1l-Rel-c2 O29) 
Gel-o5' 196" (2) C1-Rel-C3 905 (1-1) 
Gel-C6 oma S)) Cl-Rel-c4 9450 (3) 
Gel-C7 2.00 (3) C1-Rel-c5 Dot (kesh) 
C1-01 LL 7 (3) C2-Rel-C3 vies) (1.0) 
C2-02 lS) C2-Rel-cC4 8953 mil 4) 
C3-03 1.20 (3) C2-Rel-cC5 ost (ab si) 
C4-04 1.08 (3) C3-Rel-c4 ELSE) (abo 2h) 
C5-05 1.27 (3) C3-Rel-C5 eos) (lac) 
C5-c8 1.56 (4) C4-Rel-C5 173.0 (8) 
C6-Gel-C7 106.9 (1.6) 
C6-Gel-Rel 123.0 (9) 
C7-Gel-Rel 118.4 (9) 
05 '=-Gel-Rel 107.6 (9) 
05 ‘'-Gel-Cé 11025,8)) (150) 
05'-Gel-C7 92.4 (9) 
Re1-C5-05 120.6 (1.6) 
Rel-C5-C8 Wa Sty ({a 3) 
O5-C5-C8 Wl st (Ash) 
Gel-05'-c5' UB 53 (NZ) 
Rel-cCl-0l LTO eZ) 
Rel-C2-02 WIS (Glo) 
Re1-C3-03 177.6 (2.4) 


Rel-C4-04 174.9 (2.5) 
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StCLUCCUTeE akin to 16, butert could also be consistentrwith 
a cyclic carbene structure if one accepts that a strong 
interaction between oxygen and an electronegative carbene 
carbon atom might well reduce the normal degree of double 
bonding between oxygen and germanium, thus lengthening the 
datter bond. This is, of course, Speculative and an 
example of a suitable structure for comparison purposes 
Goes nol exist in the literatures “In this*regard 1t may 
Wel mDeewOuLNWitte=toO Cary OUuL the Crystal structure OL a 
germanium acetate complex to see if a similar germanium- 
oxygen bond lengthening occurs, since an acetyl group might 
be expected to have a similar electron-withdrawing effect 
on the germanium-oxygen bond. 

The Carbon-oxygen bond” Length C5—-05 at™1727 (3) A also 
does not distinguish unambiguously between carbene and 


coordinated acetyl type structures. This value is close to 
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that observed for the complex 18 a til. 2.6+( 1) A. In a paper 
discussing the structure of i hea it was clearly explained 
that such a bond length is intermediate between those ex- 
pected for acetyl and carbene groups and that no distinction 
could therefore be made on this basis. Unfortunately X-ray 
crystal structures of other rhenium carbene complexes which 
might be useful for comparison purposes are not available. 
Thus, from the above discussion it can be seen that X-ray 
crystallography has confirmed the formulation of the new 
complexes as heterocycles, but that the evidence suggesting 
that they contain carbene carbon atoms has come primarily 
from nate NMR. 

At present it is not known whether the cyclic deriva- 
tives exist in their monomeric or dimeric forms when pre- 
cipitated. from water in their. crude,states.,..The sharp 
melting points of compounds of empirical formulae 
Ph.GeMn (CO) ,COMe, Me 


GeMn (CO) ,COMe and Ph GeRe (CO) ,COMe 


2 2 


in their crude states imply that only one form is present. 
Mass spectra of the complexes are not helpful as peaks due 


to only the monomeric species are observed in all cases, 


even in the case of a recrystallized sample of Me GeRe (CO) , 


2 

COMe which is known to be dimeric by X-ray crystallography. 
Top conpletes the discussionsofy the.cyclicwderivatives 

prepared to date, a few other features of their spectro- 


scopic properties can be mentioned. As noted earlier all 


five complexes show parent ions in the mass spectrometer 
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corresponding to monomeric units. The spectrum of 

Ph. GeMn (CO) , COMe shows competing losses of methyl and carbonyl 
groups from the parent ion and also exhibits a very intense 
peak at m/e 243 assigned to the Ph,MeGe™ ion presumably 


arising from methyl migration. The spectrum of Me GeMn (CO) ,- 


2 


COMe shows similar features including a peak due to Me ,Ge" 


at m/e 119; the spectrum in this case was recorded at a 
source temperature of only 30°, attemperature.at which this 
complex is known to be stable, and this suggests that the 
observed peak arises as a result of electron impact rather 
than thermal decomposition of the complex. For the com- 


plexes Ph,GeRe(CO) ,COMe, Me GeRe (CO) ,COMe and Me SnRe (CO) ,COMe 


2 4 2 2 


loss of a methyl group from the parent ion appears to be 
favoured over carbonyl loss and the phenomenon of a methyl 
group migration onto the group IV atom is much less 


pronounced. 


4 


In the ~“H NMR spectrum of Me SnRe (CO) ,COMe (Figure 8) 


2 


the tin to methyl-hydrogen two-bond coupling constant was 
LOuUnOMLON De eo lahzZ 8 The signgrticance of thisms gitficult 
to interpret at present. For derivatives of the type 


Me ,SnM (CO) , (M = Mn, Re) corresponding values are ~ 45-50 


Hope Grossly different values for two closely related 


derivatives prepared by Marks et al. have been observed, 


namely, 41.2 Hz for (py) Me,SnFe (CO) ,° 


29 


(py = pyridine) and 
Zon UGH Ze LOL (THF )Me,SnCr(CO),. At the present time in- 


sufficient data exists for an attempt to be made to 
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distinguish between structural possibilities such as 16 and 
17 on the basis of the observed coupling constant for 
[MeSnRe (CO) ,COMe].. They four- bonds coupling of@tin to the 
carbene methyl-hydrogens was observed at 6 Hz and could 
correspond to coupling across either rhenium or oxygen. A 
value of 13 Hz was observed for the four-bond coupling 


across manganese in ects-Ph SnMn (CO) ,C (OEt) Me (see Chapter V). 


3 


Possible Reaction Mechanisms 


As described above, it has been established that the 


reaction of lithium salts of the type ecis-R M'M(CO) ,C (OLi) Me 


3 
with aqueous hydrochloric acid yields precipitates of novel 
cyclic carbene complexes (II-8). The mechanism by which an 
organic group is cleaved from the group IV metal has not been 
ascertained but likely possibilities can be postulated. 

One is that acid cleavage of the organic group occurs 
directly, promoted, accompanied or followed by coordination 
LO the group IV atom of an oxygen atom, rather than a 
Chioride Lon as in i= /=20. 

Another possibility is that a reactive hydroxycarbene 
intermediate, 19, is formed and then cyclises in a four- 
centre type of process (II-9). This appears feasible since 
it is known that lithium acylates are readily protonated to 

Wal 


give hydroxycarbene complexes. If the intermediate 19 


is involved it is of course quite possible that two such 
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19 
R = Ph, Me; M = Mn; M' = Ge. R = Me; M = Re; M' = Ge, Sn. 
Re= Ph: M =) Res M! = Ge. 


molecules could combine to eliminate two molecules of RH 
giving either one molecule of dimer or two molecules of 
monomer. 

In cases where R = Me the protonation reaction was 
accompanied by vigorous gas evolution, presumably due to 
the formation of methane. The reaction of cts-Ph.,GeMn (CO) ,- 


3 4 


C(OLi)Me with Me ,OPF, in water (II-7) results largely in 


3 6 
the poormakiony icy chiciproductheimaAlGc Crmnadlysasvot tthe 
organic product of this reaction revealed it to be benzene 
(no toluene was present), and thus the cyclic product must 
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Attempts have been made to form related cyclic deriva- 
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tives in an effort to extend the work described above. Some 


of these reactions will now be described. The reaction of 
Ph3PbMn (CO) , with MeLi in ether appeared to yield a lithium 


acylate by infrared spectroscopy in a reaction analogous to 


II-4. However, this intermediate appeared to be unstable 
in water and the yellow aqueous solution rapidly turned 
brown. No attempt was made to protonate the intermediate, 


but attempted ethylation with Et OBF , yielded only a black 


3 
precipitate. An infrared spectrum of this material in a 
hydrocarbon solution showed the presence of a little 


Ph.PbMn (CO) , but no other carbonyl-containing species. 


Protonation of czts-Ph SnMn (CO) ,C (OLi) Me with aqueous 


5 
hydrochloric acid produced an orange tar which solidified 
when dried under vacuum. This material was very unstable 
in cyclohexane solution and has not been characterised. 
The reaction of the analogous trimethyltin-salt yields a 
yellow-brown oil which solidifies upon stirring in the 
aqueous solution. After drying, an infrared spectrum in 
methylene chloride solution reveals a complex mixture of 
products. 


Infrared spectra have indicated that Me ,SiMn (CO), 


reacts with methyllithium to give the expected lithium 


oo 
i” 
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acylate, analogous to II-4, but protonation with aqueous 
hydrochloric acid induces metal-metal bond cleavage, 
yielding Mn. (CO) 15 as the carbonyl-containing product. 
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The reaction of trans-Ph GeW (CO) ,NO with MeLi in 


3 
ether appeared to give an anionic complex by infrared 
spectroscopy. Attempts at ethylation and protonation 
resulted in much decomposition and the small amounts of 


carbonyl-containing products obtained have not been 


characterised. 


It has also been found that (n-C,H,_) Fe (CO) ,SiPh and 


3 


(n-C,H,) Fe (CO) SiMe Phedo not reace with Mebi in ether; 


2 
and the latter complex simply decomposes slowly in the 
presence of t-BuLi without apparent formation of a new 


carbonyl derivative. 
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EXPERIMENTAL 


All reactions were carried out at ambient temperature 


under a static nitrogen atmosphere and solid products were 
handled with minimum exposure to air. Ether and tetra- 
hydrofuran were dried by distillation from calcium hydride 
and solvents were saturated with nitrogen prior to use. 


Published procedures were used for the preparation of 


62 63 64 
3GeMn (CO) ., Ph3GeMn(CO)., Ph,GeRe (CO) ,, and 


Me ,SnRe (CO) ,,°° employing the general method as outlined 


by Gorsich?® in all cases. We believe that Me ,GeRe (CO) , 


is a new compound and its preparation by the same general 


Me 


method is described below. 

Dirhenium decacarbonyl was purchased from the Pressure 
Chemical Co., Pittsburgh and dimanganese decacarbonyl from 
Strem Chemicals Inc., Danvers, Mass. Trimethyltin- and 
triphenyltin-chloride were obtained from M & T Chemicals 
Inc., Richmond, Ca.; triphenylgermanium chloride from 
Strem Chemicals Inc.; and trimethylgermanium bromide from 
Altalyinorganics Inc., beverly, Mass. “Solutions cf methyl— 
lithium in ether were also obtained from Alfa Inorganics Inc. 

Melting points were determined using a Kofler hot 
stage apparatus. Solution infrared spectra were recorded 
using a Perkin-Elmer Model 337 grating spectrophotometer 
with scale expansion and were calibrated using gaseous 


ey OP Solid state (KBr disc) infrared spectra were 
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Supplied by the spectroscopy laboratory of this Department 
and recorded using a Perkin-Elmer 421 spectrometer. 

Microanalyses were performed by the microanalytical 
laboratory of this Department and by the Alfred Bernhardt 
Mikroanalytisches Laboratorium, 5251 Elbach uber 
Engelskirchen, Fritz-Pregl-Strasse 14-16, West Germany. 

Natural abundance De NMR spectra were obtained using 
the Fourier transform pulsed NMR technique with proton 
decoupling. Varian HA 100 and Bruker HFX-90 spectrometers 
weresused, operating at925.15,MHz and 22.6 MHz respec- 
tively. ly NMR Spectra were recorded using Varian A60, 
ADO /A60;, FORetHA. LOO instruments ¢ 

Mass spectra were obtained by electron impact (70eV), 
employing a direct probe, using Associated Electronics 
fndus tries MS-2, MS-9.or MS-12 instruments. 

The gas chromatographic analysis was carried out using 
an Aerograph Manual Temperature Programmer Gas Chromatograph 
(Model A-90-P) using helium as carrier gas. 


Preparation of Me GeRe (CO), 


e) 


The method of Gorsich*® was used. Dirhenium deca- 
Carbonyl (5.0 9,5 7./ mmol) was reduced to (OC) gRe Na” by 
the action of sodium amalgam in tetrahydrofuran. Trimethyl- 
germanium bromide (4.0 g, 20.2 mmol) was added and stirring 


continued for two hours. Removal of solvent on a rotary 
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evaporator, followed by recrystallization from acetone/ 
Wacerey el dedetheswiite proaguct, (2553.9,.41%) .IM.P. 58-9°Cc; 
IR(eyelohexane) v(CO) 2111 (w), 2002 (vs), 1995 (m): Mass 


spec. parent m/e 444; 1 


H NMR (CDC1.) Singlet Tt 9.41. 
Pid Vole merlCO mls )acC aie lO 4 sehye204. Found) (2%) 2 C, 


ee Orme pele. O.7 il 'r2 


Preparation of Cyclic Carbene Complexes 


To Me,GeMn (CO), (5.0 g, 16.0 mmol) dissolved in ea. 
100 ml dry ether was added from a syringe an ethereal solu- 
Blond Of Moe ieMelieslin OlmIe locbemnol) 8A rapid’ colour 
change from colourless to yellow was observed. After a few 
minutes the solution infrared spectrum taken in ether 
indicated the total disappearance of starting material and 
formation of cts-Me,GeMn (CO) ,C (OLi)Me. The ether solvent 
was removed under vacuum to leave a yellow-brown, oily 
residue. This was extracted with ca. 60 ml water, filtered 
and dilute hydrochloric acid was then added dropwise to 

the clear, yellow solution. Initially some turbidity was 
observed and vigorous gas evolution accompanied the forma- 
tion of a yellow oil which floated to the top of the aqueous 
solution. This oil solidified when gas evolution ceased 

to give a pale yellow material. (The pH after completion 

of the acid addition was approximately 2, as shown by 


pHydrion papers). The product was filtered, washed 


with 2 x 20 ml water and dried under vacuum. The above 
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method was used to synthesize Me.SnRe (CO) ,COMe, Me ,GeRe (CO) ,- 


COMe, Ph GeMn (CO) ,COMe and Ph GeRe (CO) ,COMe, though usually 


2 2 
on smaller scales. In the latter two cases gas evolution 


was not observed during addition of the acid. 


Yields were good and the products were analytically 
and spectroscopically pure except in the case of 
Me 4SnRe (CO) ,COMe. This complex was purified by dissolving 
in dichloromethane and adding n-heptane, removing dichloro- 
methane under reduced pressure to the point of Eup badiccy 
and cooling the solution to -15°C. The same method was 
used to obtain crystals of Me 4GeRe (CO) ,COMe (actual lyaain 
its dimeric form) suitable for X-ray Crystallography. For 
the complexes which were analytically pure without recrystal- 
lization, the crude solids were either white or pale yellow, 
the yellow colour presumably arising from adsorbed traces 
of impurities which did not show up spectroscopically. The 
data presented in Tables I-III applies to the crude solids 


except. as noted, 


Gas Chromatographic Work 


Treatment of cts-Ph GeMn (CO) ,C (OLi) Me with Me.OPF. as 


3 3 6 
described in Chapter V yields a solid mixture of the cyclic 
Ph5GeMn (CO) ,COMe and evs-PhGeMn (CO) ,C (OMe) Me. The solid 


was removed by filtration and the aqueous filtrate extracted 


with 2 x 5 ml m-pentane. The pentane extracts were combined 
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and dried over anhydrous sodium sulphate. The solution 
volume was then reduced to a few drops by rotary evaporation. 
Benzene and toluene as n-pentane solutions were 
separately introduced into the gas chromatograph to establish 
their retention times. The n-pentane solution from above 
was then introduced and was found to contain benzene and 
not toluene. To ensure that the n-pentane solvent employed 
did not contain benzene a 10 ml sample was reduced in volume 
to a few drops and a portion injected into the gas chroma- 
tograph; no benzene was present. Finally the retention 
times of the benzene and toluene standards were rechecked 
and were found to be unchanged during the course of the 


experiment. 
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CHARTERSILL 


Dimer-Monomer Equilibria in Solutions of Cyclic Germoxy- 


and Stannoxy-carbene Complexes of Manganese and Rhenium 


Introduction 


In Chapter II a number of novel heterocyclic carbene 
derivatives have been described. The empirical formulae 
of the complexes were established by analytical data, and 
mass and infrared spectra were consistent with monomeric 
formulations for the complexes. However, variable tempera- 
ture and variable concentration oH NMR studies have since 


established that dimer-monomer equilibria exist in solu- 


tions of MeGeMn (CO) ,COMe and its rhenium analog. In the 


136 NMR has been used to indicate that both 


former case 
monomeric and dimeric species contain carbene carbon atoms 
(see Chapter VI). The existence of a dimeric form for 
Me,GeRe (CO) ,COMe has also been established by X-ray crystal- 
lography (see Chapter II). The type of dimer-monomer 
equilibrium described here is without precedent in the 

field of metal carbene chemistry, and earlier variable 
temperature Ns NMR studies have involved only intramolecular 
phenomena, namely, restricted rotations about metal to 
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carbene carbon bonds or about carbene carbon to hetero- 
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Results and Discussion 


The Mes NMR of Me GeMn (CO) ,COMe Sie SMLTey Siig CDCl, 
clearly shows the resonances expected for the methyl group 
attached to the carbene carbon and the two methyl groups 
attached to germanium at Tt 7.32 and 1 8.90 respectively 
(see Figure 9). A rather concentrated solution was used to 
obtain this spectrum and there was some evidence that a 
peak of low intensity exists to slightly lower field than 
the C-CH. resonance. The solution was therefore cooled and 
Figure 9 shows that at low temperatures two pairs of peaks 
are Clearly visible. This process was found to be completely 

13 


reversible. A low temperature C NMR spectrum in CDCl. 


expt ees pears ate—35/.6) and —-335,. p.p.m. indicating that 


both species present contain carbene carbon atoms. The aac 
NMR of the dimeric form of Me ,GeRe (CO) , COMe also favours a 
metal carbene formulation (see Chapter VI for a further 


a) 


discussion of C NMR spectra). On the basis of these 


results a quantitative ly NMR study was undertaken to deter- 
mine the nature of the low temperature species. The two 
peaks due to the C-CH, groups of the monomer and dimer 

near tT 7.32 were reasonably well separated (17.5 Hz) and 
their relative intensity could be determined through the 

use of peak integrals. Both variable temperature and 
variable concentration studies have been carried out and 


the latter have proved crucial in establishing the nature 


of this phenomenon. 
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Figure 9. Variable temperature ~H NMR study of 


Me GeMn (CO) ,COMe ty CDCl... 
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A typical variable concentration study at a fixed 
temperature in cD.Cl. is shown in Figure 10. It can be 
seen that the relative peak intensity is strongly concen- 
tration Becerdenes eliminating the possibility of an intra- 
molecular process. Equilibrium constant values obtained at 
this temperature from treatment of the results in terms of 
a dimer-monomer equilibrium were satisfactorily constant. 
The assignment of peaks due to dimer and monomer is shown 
in Figure 10, with the peak due to the dimer increasing in 
intensity as the solution concentration increases. The 
equilibrium constant, MS fae can be defined as: 

[monomer] * 


K = £Or themprocess dimer——=-2 monomer 
eq [dimer] 





where [ ] represents the concentration in mol we 


Values of oes can be easily calculated when it is realised 
that the integrals of the monomer and dimer NMR peaks are 
proportional to the masses of monomer and dimer present in 
seileshinera, Substituting into the above equation for ae 


one can derive the expression: 


* 
Whereas the monomer peak integral is proportional to 


the number of monomer molecules, the dimer peak integral 
is proportional to half the number of dimer molecules, 
Since each dimer contains two C-CH, groups. However, each 
dimer molecule has twice the mass Of a monomer molecule 
and hence peak integrals are proportional to the masses of 
each species present. 
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where Mm = mass of monomer in grams 
Md = mass of dimer in grams 
V = volume of solution in litres 


M.W.m = molecular weight of monomer 


Thus, knowing the total mass of material in solution, 
the solution volume, and monomer and dimer peak integrals, 


Ne can be calculated. Values of Se for several variable 


concentration studies involving the compounds Me GeMn (CO) ,- 


2 
COMe and MeGeRe (CO) ,COMe are shown in Table V. 


A typical variable temperature study for Me GeMn (CO) ,- 


2 
COMe at a fixed concentration is shown in Figure 11. Using 
the integrated peak intensities values of exe could be 
calculated at each temperature using the expression for 

Ss shown above (see Tables VI and VII). Thermodynamic 
parameters for the dimer-monomer equilibrium could then be 


obtained by plotting ink, Ve. =, where T is the absolute 


q 
temperature, The values for AH° and ASP quoted in Tables Vi 
and VII were in fact obtained using a least Squares computer 
Programe mather Chan a -qraphical plots) the error limits 
quoted represent standard deviations. It is important to 
note that the linear plot of lee VS = observed in this 
case does not provide unambiguous proof for the existence 
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Figure 11. Variable temperature ly NMR study of 
Me.GeMn (CO) ,COMe in CD.Cl., showing an expansion of the 


C-CH region only. 
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TABLE VI 


VALUES OF Raq! AH® AND AS° FROM VARIABLE TEMPERATURE 





ly NMR SPECTRA OF Me.GeMn (CO) ,COMe 
ae Tae ok) 
Run 1s ae 
ee) 264 
Pe95 248 
Shes) 228 
0.089 203 
Run_2° 
1yZ2 247 
0.83 238 
0.48 2a 
0.33 228 
0.20 216 
0.14 209 
0.099 203 


Ane? (standard deviation) #687 (20.3) Keal 


AS° 272 Oeil A eee. a. 


I 


(standard deviation) 





“concentration 13.2 mg/0<225~m1 cD,Cl, forebothsruns. 
Solutions made up separately. Combined data from runs 1 


and ™2susedsinecalcitation ofpAhe vand. ASCa 


b : ; 
Defined for process dimer == 2 monomer. 
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TABLE VII 


VALUES OF Rag! AH® AND AS° FROM VARIABLE TEMPERATURE 


ly NMR SPECTRA OF Me GeRe (CO) ,COMe 





2 
ae , T (°K) 
Run 1 

0.037 308 

0.030 304 

0.022 298 

0.015 293 

0.014 288 

0.010 283 

0.0074 278 

0.0052 aS 

Run es 

0.029 304 

0.024 301 

0.017 296 

0.013 291 

0.0088 286 

0.0089 281 

0.0070 oG 

AHeP (standard deviation) = +9.0 (+0.4) Kcal 


b 


AS? (standard deviation) te Sweet Wt) a G%.13-4 





“concentration 9.4 mo On 2510.1 CD,Cl. EOE both 
runs. Solutions made up separately. Combined data 


fromeacuns 1 wand 2 used in calculation of AH® and AS°. 


b . : 
Defined for process dimer=*2 monomer. 
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of a dimer-monomer equilibrium. A satisfactory linear 
graphical plot over the limited temperature range employed 
(=70Rco-—25-C) ete also be obtained if 3g values are cal- 
culated assuming an intramolecular (monomer == monomer) 
process. “Thus the variable concentration studies at a 
fixed temperature are essential in establishing that the 
process is a dimer-monomer type of intermolecular process. 
The above results could obviously equally well apply 
to, say, a tetramer-dimer as to a dimer-monomer equilib- 
rium. The fact that the latter’ process is in fact involved 
has been confirmed by a solution molecular weight deter- 
mination of Me GeMn (CO) ,COMe under conditions where little 


Z 


of the associated form is present (11.4 mg m1”, 37°, CHSBr., 
solution). The osmometric molecular weight was found to 

be 318 which is very close to the calculated value for the 
monomer of 313. Solution infrared spectra which are 

carried out using even less concentrated solutions show 

only one species present in solution and this must also 

be monomeric. 

Reinforcement of the idea of a dimer-monomer equilib- 
rium in the case of Me ,GeRe (CO) ,COMe has come from X-ray 
crystallography. Recrystallization of a sample of the 
COMPLEX = from a Lairaiy Concentrated? Solucion- at —L5°C 
(conditions under which the associated form would predomi- 
nate) yielded crystals suitable for an X-ray crystallographic 


study. This has revealed the dimeric form of the complex 


(see Chapter II). 
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The dimeric form is more favoured for the rhenium 
derivative than for its manganese analog at a given tem- 
perature*and solution concentration. Hence, whereas in the 
manganese case variable concentration studies were carried 
Outtatveas -—S0° @n@order+ forean@apprectabletamount ofedimer 
to be present, the rhenium system could be studied at room 
temperature’ (see Table V). It can be seen (Tables VI and 
VII) that both AH° and AS° terms favour a higher proportion 
of dimer in the rhenium case, compared with its manganese 
analog-tnderethessame=condrtions. = Tt isS*possible that 
steric effects may be of importance here as there may be 
greater ring strain in the four-membered heterocycle con- 
taining rhenium compared with manganese, making dimer 
formation more favourable in the former case. 

Osmometric molecular weight determinations for the 


complex of empirical formula Me SnRe (CO) ,COMe indicate 


2 
that it is essentially completely dimeric at ambient tem- 
perature even invdiilute=solutionss® (The *molecuilé veight 
calculated for the dimer is 980; values found at . acen- 

trations of 4.863 and 6.519 mg mi~+ in CHCl. at ambient 

temperature, were’ 956’ and 984 respectively). °.iIn a 1h NMR 

spectrum in CDCl. at ambient temperature signals due to 

only one species (presumably dimer) were observed 

(Figure 8) and an attempt to obtain spectra at higher 


temperatures in cpcl, in the hope of observing some monomer 


was inconclusive, since at the low concentration employed 
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(the complex is not very soluble in CDCl. or CDCl.) the 
Signal-to-noise ratio rapidly decreased above ambient tem- 
perature. 

It has been observed in studies of the dimer-monomer 
equilibria that peak coalescence does not occur as the tem- 
perature is increased, rather the relative intensity of the 
peaks due to monomer and dimer change. As explained above, 
in all but the most concentrated solutions no dimer is 
visible at ambient temperature in the case of Me. GeMn (CO) ,COMe. 
It appears that as the temperature is raised to room 
temperature the peak due to the dimer simply decreases in 
intensity and disappears into the base line without the 
occurrence of peak coalescence. If peak coalescence were 
occurring one would expect to see line broadening as the 
temperature rises, but in fact the lines become sharper 
(see Figure 11). The line broadening observed at lower 
temperatures arises from viscosity effects in solution, as 
shown by the fact that the peak due to the internal tetra- 
methylsilane reference also broadens at lower temperatures. 
Viscosity broadening is not observed in the case of 
Me ,GeRe (CO) ,COMe; more dilute solutions were employed at 
temperatures between 0° and +35°C to study its dimer-monomer 
equilibrium, these conditions being necessary for the 
observation of appreciable amounts of monomer. The fact 


that peak coalescence does not occur in either the manganese 
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Or rhenium case establishes that the interconversion of 


monomer and dimer is slow on the NMR time-scale at ambient 


temperature. 


Possible Mechanisms for Interconversion 





Two speculative schemes for the formation of a molecule 
of dimer from two molecules of monomer are shown in 20 and 


Ze, these postulate nucleophilic attack of the carbene 
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oxygen atom upon germanium or carbene carbon atoms in 
another monomer molecule. Possibilities involving the 
breakage of metal to carbene carbon or metal to germanium 
bonds appear to be less likely. 

It would be expected that the oxygen atom in the four- 
membered monomeric heterocycle might retain some nucleo- 
philic character despite the donation of some of its lone 
pair electron density to the carbene carbon aton. Indeed, 
it is thought that in the aminolysis reaction of 
Cr (CO) .C (OMe) Ph with primary amines to form aminocarbene 
complexes (a reaction of the Ey pee Smee sinitialsstep of 
the reaction involves hydrogen bonding between the oxygen 
atom of the methoxycarbene group and a hydrogen atom of an 
amine or solvent molecule, ©? 

The electrophilic character of carbene carbon atoms has 
been Clearly shown in several reactions. In Chapter I their 
reactivity towards such nucleophiles as phenyllithium?® 


and phosphines**~4 


has been described. The electrophilic 
Character of the germanium atom in the new heterocycles 
has been shown by reactions with methyllithium and methoxide 
ion described in Chapter IV. 

As pointed out earlier, no precedent exists in the 
realm of metal carbene chemistry for a dimer-monomer process 


of this type. Very recently however Oorgano-silicon, 


-~germanium and -tin heterocycles of the type 22 have been 
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postulated to exist in associated forms, based on infrared 
evidence in the carbon-oxygen stretching region. °® The 
process is thought to be solvent and temperature dependent 


and to occur via coordination of the oxygen atom to the 


ee 


wn 


atom, M, of another molecule, in a manner analogous to 
21 above. 

Despite the fact that possibilities such as 20 and 21 
appear feasible, no positive evidence to support or dis- 
tinguish them exists. If either of these pathways is in 
effect one might expect that the addition of a Lewis base 
such as diethyl ether might have a marked effect on the 
position of the equilibrium. However, it has been found 
that addition of an approximately equimolar amount of 


ether (equimolar based on the complex Me GeMn (CO) ,COMe being 


2 
entirely monomeric), increases the equilibrium constant 
See Only trom 10.40 L010 5/c at, ~381.5, (22) Wand =37 (+2) °c 


respectively. Considering that ee values are only re- 


producible in single determinations to ca. +10% ata given 
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temperature and the fact that the slightly higher tempera- 
ture at which the spectrum was recorded in the presence of 


ether would cause a slight raising of the value of K the 


q! 
observed change is rather minor. Also in this regard, some 
interaction of chlorinated solvents with the carbene hetero- 
cycles cannot be eliminated. This might rationalize the 

sua lleetrece efatne additionsotud ie ny lyethernin «the.presence 
of a large excess of CDCl, 
WELNeEneseanlier observation (Chaptemel l)uthatethe cyclic 


and might also be consistent 


carbenes are all much more stable in chlorinated solvents 


than in hydrocarbon solutions. 
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EXPERIMENTAL 


The complexes of empirical formulae Me GeMn (CO) ,COMe, 


2 


COMe and Me SnRe (CO) ,COMe were prepared as 


4 2 
described in Chapter II. Samples for 1h NMR work were 


Me .GeRe (CO) 


prepared by carefully weighing the desired amount of 
material and adding a known amount of nitrogen-saturated 
CDCl. from a syringe. After dissolving the solid sample 
the solution was transferred to an NMR tube using a dis- 
posable pipette. The tube was quickly filled with nitrogen 
Benemcappeasareer tie addition of ene Grop, of teétramethyl— 
Silane. (The unknown volume of this drop and small evapo- 
ration losses of the volatile solvent during the preparation 
of the sample are potential sources of small errors in 
values of Saag! 3 

The variable temperature and variable concentration 
diy NMR spectra were recorded using a Varian HA 100 instru- 
ment. In the case of Me.GeMn (CO) , 
regulated using a Varian V-4341/V-6057 temperature control 


COMe the temperature was 


unit, and the temperature accurately measured before and 
after running each spectrum using a thermocouple. A 
Bruker B-ST 100/700 temperature control unit was employed 
for spectra of Me .GeRe (CO) ,COMe. This unit contains an 
internal thermocouple and no external calibration was 


therefore required. Peak integrals were recorded for all 
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spectra and a values could be calculated as described in 
the text. Two independent variable temperature runs at a 
fixed concentration were carried out for each complex. The 
oe data from the two independent runs were combined and 
a least squares program was used to calculate AH° and LS 7 as 
described.in the text. 

Osmometric molecular weights were determined in the 


microanalytical laboratory of this Department and by 


Alfred Bernhardt Microanalytisches Laboratorium, West 


Germany. 
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CHAPTER Ly 


The Reactivity of Cyclic Germoxycarbene Complexes of 
SS aS ee a ee ae 


Manganese and Rhenium Towards Nucleophiles 
ee ee es ee ae EP ee ele oe 


Introduction 


As described in Chapter I, transition metal carbene 
complexes have been found to react with nucleophiles such 


as phosphines** ~ and phenyllithium?® 


with attack occurring 
at the carbene carbon atom. The novel cyclic germoxy- 
carbene complexes described in Chapter II might also be 
expected to show this type of behaviour. In the preliminary 
studies described below it has been found, however, that 
products from reactions of methyllithium or methoxide ion 
with the cyclic complexes can be rationalised in terms of 
nucleophilic attack at the germanium atom. On the basis of 


these interesting preliminary results it is hoped that 


further reactionssof thisetype will, be-studied. 
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Synthesis and Characterisation of Products 


The Reaction of Ph.GeRe (CO) ,COMe with MeLi 





The cyclic complex of empirical formula Ph GeRe (CO) ,COMe" 


2 


reacts rapidly with a slight excess of methyllithium in ether 


to give a lithium acylate presumed to be ctis-—Ph MeGeRe (CO) ,- 


2 


C(OLi)Me. Subsequent treatment with Et OBF , in water yields 


5) 


the novel carbene complex formulated as ects-Ph MeGeRe (CO) ,- 


2 
C(OEt)Me (IV-1). The suggested formulation of the product 


Ph,GeRe (CO) ,COMe + MeLi ether. 
Et.,OBF, 

Cts =Ph MeGere(C€O},€(0L1)Me = —=——_. 
2 4 water 


ete-Ph MeGeRe (CO) ,C (OEt) Me Iv-l 


Z 


is fully consistent with its mass and infrared spectra, and 
with analytical data (see Tables VIII and IX and Figure 12). 


The attachment of a methyl group to germanium in the final 


a 


product is further supported by a ~H NMR spectrum, which 


reveals aimethyl, Singlet™at —f 9.105(see?i Table xX) — Fhis .can 
be compared with values of T 8.93 and T 9.41 respectively 
for methyl groups bound to germanium in the complexes 


Me GeRe (CO) ,COMe and Me 


2 GeRe (CO) , reported in Chapter II. 


3 


*& 
In reactions of this type it is not known whether the 


cyclic carbene complexes undergo nucleophilic attack in 
their monomeric or dimeric forms, or both. 
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gure 12. Infrared spectrum [v(CO) region] of 


MeGeRe (CO) ,C (OEt) Me in cyclohexane. 
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Thus, the product of IV-1l appears to result from methyl- 
lithium attack at germanium, although there is no evidence 
to establish that the germanium atom is the site of initial 


attack. 


The Reaction of Ph GeMn (CO) ,COMe with MeLi 





The reaction of Ph,GeMn (CO) ,COMe with methyllithium is 
rather more complex and further work is warranted on this 
Ssysrem. | The use offa 5.5:1 moleiratio! of MeIn to 
Ph GeMn (CO) ,COMe in ether, followed by treatment with 
nS OBF , in water, yields exclusively cis-Ph 


3 2 


C(OEt)Me as a yellow oil, in a reaction analogous to IV-l. 


MeGeMn (CO) , ~ 


Repeated attempts have failed to provide a sample of the 
highest analytical purity (see Table IX), but infrared and 
mass spectra, and particularly a ly NMR spectrum have 
allowed an unambiguous structural assignment to be made 
(see Tables VIII and X and Figures 13 and#l4).” The ty NMR 
spectrum reveals a singlet at t 9.05 due to the methyl 
group attached to germanium. The acylate precursor to the 
final product has been isolated in low yield as a tetra- 
ethylammonium salt, [ev s~Ph ,MeGeMn (CO) ,C (0) Me] [Et ,N], which 
has been analysed (Table IX), and whose infrared spectrum 


resembles that of the complex [cis-Ph GeMn (CO) ,C (0) Me] [Et ,N] 


3 


described in Chapter V. Treatment of [cis-Ph MeGeMn (CO) ,- 


zZ 
C(0)Me] [Et ,N] with Et ,0BF , in dichloromethane yields 


ets-Ph MeGeMn (CO) ,C (OEt)Me. 


i; 
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gure 13. infrared spectrumeiy (CO) region) sof 


MeGeMn (CO) ,C (OEt) Me in cyclohexane. 
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If an equimolar quantity of methyllithium is added to 
Ph.GeMn (CO) , COMe in ether, infrared bands due to two anionic 


species are observed, one of them being cts-Ph MeGeMn (CO) ,- 


2 
G(OLd )Mesn Addition of a less-than-equimolar quantity of 
methyllithium to PhGeMn (CO) ,COMe in ether appears to in- 
creasingly favour the unidentified anion as the proportion 
of methyllithium is decreased, while also leaving more 
unreacted starting material. Upon further addition of 
methyllithium the unidentified anion is converted into 

et s-Ph,MeGeMn (CO) ,C (OLi) Me. Treatment of the unidentified 


anion with Et,0BF , yields an impure yellow oil, whose infra- 
red and mass spectra closely resemble those of a sample of 
Ph FGeMn (CO) ,C (OEt)Me, a novel complex whose synthesis by 


another route/is described below. 


' The Reaction of Ph,GeMn (CO) , COMe with NaOMe 





Z 


methoxide in methanol proceeds cleanly, and infrared 


The reaction of Ph GeMn (CO) ,COMe with excess sodium 


spectra recorded in dichloromethane after removal of the 
methanol solvent indicate formation of an anion. If an 


equimolar quantity of sodium methoxide is employed, the 





*Most of the infrared bands appear to overlap, but the 
highest energy band of each species is clearly visible. 


These peaks are observed at 2038 and 2026 cm-l in diethyl 
ether and the latter is assigned to czts-Ph MeGeMn (CO) ,- 


C(OLi)Me. The structure of the other species is not known. 
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same anion is produced and some starting material remains. 
Treatment of the anion with tetraethylammonium bromide in 


water does not yield [czis-Ph MeO) GeMn (CO) ,C(0)Me] [Et,N], 


> | 
but a complex believed to be the first hydroxygermanium- 
* 
transition metal derivative, [et s-Ph. (HO) GeMn (CO) ,C (O)Me] [Et,N]. 
It seems feasible that the reaction of sodium methoxide with 


Ph GeMn (CO) ,COMe might initially result in a methoxygermyl 


2 


derivative and that subsequent reaction with water replaces 
a methoxy group by a hydroxy group, as shown in IV-2. Some 


physical properties of the hydroxygermyl complex are given 


MeOH 
—_—> 


Ph GeMn (CO) ,COMe + MeONa 


a Et, NBr 
[ets-Ph. (MeO) GeMn (CO) ,C (ONa) Me] Soe 


[cis-Ph. (HO) GeMn (CO) ,C (0) Me] [Et,N] in —2 


tieTables VILI-xX, and its solution infrared Spectrum in the 
carbonyl Teg1on 1tocesnownein Figure 153) “Thesgpresence of an 
O-H group in the molecule is confirmed by a ly NMR spectrum 
in acetone-d_ which reveals a signal at’/t 5.74, integrating 
as one proton, which disappears upon treatment with D,0 (see 
Figures 16 and 17). An infrared spectrum in Nujol shows 
bands at 3290 and 1570 em > assignable to v(OH) and D(C-Om) 


The methoxygermyl intermediate postulated in IV-2, 


upon treatment with Et,0BF , in water, yields the novel carbene 


“the first hydroxysilyl-transition metal complex, 
(n-C,H_)Fe (CO) SiMe. (OH), was recently prepared in this 


laboratory. 
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Figure 15. Infrared spectrum [v(CO) region] of 


[ez s-Ph. (HO) GeMn (CO) ,C (0) Me] [Et ,N] in CHjCl>. 





83 





84 








10 9 8 7 6 215 4 3 2 1 0 
& ppm 
Figure 16 
el 
ed 
| ee 
‘a 
| 
| 
| NX] . 
10 9 8 7 6 5 4 3 2 1 0 
8&8 ppm 
Figure 97 


Figure 16. aH NMR spectrum of [ct s-Ph. (HO) GeMn (CO) ,C (0) Me] 


[Et ,N] in acetone-d_ (the peak indicated by the arrow was 


present in a spectrum of the solvent and is thought to be due 


to water). 


Eaigure, ld. me NMR spectrum of [evs-Ph, (HO) GeMn (CO) ,C (0) Me] 


[Et,N] Fae gi acetone-d,, after treatment with Do0. 
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complex cts-Ph FGeMn (CO) ,C (OEt) Me, aomsnOwn wn IV—S.55  LLEis OF 


Z 


course possible, based on reaction IV-2, that the reactive 


Et ,OBF , 
[ers-Ph. (MeO) GeMn (CO) ,C (ONa) Me] SET 
ets-Ph.FGeMn (CO) ,C (OEt) Me IV-3 


species involved in IV-3 could be a hydroxygermyl complex 
generated by reaction with water prior to addition of the 


Et,O0BF,. Spectroscopic properties and analytical results 


fox cts—-Ph5FGeMn (CO) ,C (OEt) Me are presented in Figures 18 


and 19 and Tables VIII-X. It has been shown by Marks et al. 


that the BF, ion can act as a fluorine source when AgBF 


4 
: : : B Orrae, 
ispused as a reagent in reactions of) the type 1-8. 


4 


However, it is also possible that impurities in the 


Et,0BF ,, 


of the germanium atom. 


e.g., HF, might also be responsible for fluorination 


It is apparent from the above discussion that several 
features of the reactions described require further study. 
It is hoped that these reactions and reactions of the 
cyclic carbene complexes with other nucleophiles, both 


anionic and neutral, will yield further interesting results. 
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Figure 18. Infrared spectrum [v(CO) region]: of 

ets~-Ph,FGeMn (CO) ,C (OEt) Me in cyclonexane. 
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EXPERIMENTAL 


Reactions were carried out under a static nitrogen 
atmosphere, using solvents previously saturated with nitro- 
gen. Diethyl ether, dichloromethane, and methanol were 
dried by distillation from calcium hydride, phosphorus 
pentoxide, and magnesium, respectively. 

Solutions of methyllithium in ether were obtained 
fromeAlfa inorganics Inc., Beverly, Mass.; tetraethyl- 
ammonium bromide and chloride were supplied by Eastman 
Organic Chemicals, Rochester, N.Y.; sodium methoxide was 
obtained from Fischer Scientific Company, Fair Lawn, N.J.; 
Et,OBF, was purchased from Fluka AG, Switzerland; sodium 
Sulphate (anhydrous) and chromatographic alumina (calcined) 
were obtained from BDH Chemicals Ltd., Poole, England, and 
BDH (Canada) Ltd., Toronto, respectively. The compounds 
Ph.GeMn (CO) ,COMe and Ph,GeRe (CO) ,COMe were prepared as 
described in Chapter II. 

Microanalyses were performed in the Microanalytical 
Laboratory of this Department. Melting points, and infra- 
red, mass and diy NMR spectra were recorded as described 
in Chapter II. 

Where approximate pH values are mentioned in the 
following reactions, they were measured using "pHydrion" 
indicator papers, purchased from the Micro Essential 


Laboratory, Brooklyn, N.Y. 
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Reaction of Ph.GeRe (CO) ,COMe with (1) Mebrype (2) Et ,OBF , 


To Ph.GeRe (CO) ,COMe (OPI eq Ue oO oeNnMOlje an aterhy 1 
ether (15 ml) was added from a syringe a solution of 1.5 M 
Metuvein etherm(O223 mi,20¢s4Cmmol)me An.immediate®colour 
change from colourless to pale yellow was observed. An 
infrared spectrum taken after 5 minutes reaction. time 
indicated complete disappearance of the rhenium starting 
material and generation of an anion. After removal of the 
solvent in vacuo, the pale yellow, oily residue was ex- 
Enacted withtwatere(10iml)seeAfter) filtration; sthesyellow 


solution was treated with excess aqueous Et OBF yr which 


3 
was added dropwise until the pH decreased to approximately 
2. Addition of the ethylating agent was accompanied by 
cloudiness in the solution and precipitation of a pale 
yellow oil. Extraction from the aqueous solution with 
n-pentane (75 ml), removal of the solvent by rotary evapo- 
ration, and drying of the product tn vacuo overnight 
resulted in the isolation of a yellow oil. Crystallization 
from n-heptane at -78° yielded as a white solid cts- 


Ph MeGeRe (CO) ,C (OEt) Me (90 mg). 
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Reaction of Ph,GeMn (CO) ,COMe with (1) excess MeLi, (2) 


Et ,0BF , 


Piewreartures OLretiic reaction ore similar to those 


above. The complex Ph GeMn (CO) ,COMe LOO ong jl .49) mmol) 


2 
in diethyl ether (25 ml) was treated with excess 1.5 M MeLi 
INeCtTHeL 1 S.o)mi, o.25 mmol). “Thesbrown, oily residue, 
after solvent removal, was extracted with water (50 m1) 

and filtered to give a clear, yellow-orange solution. 
[Caution: water should be added to the brown oil slowly, 
since a vigorous reaction occurs with the excess methyl- 
lithium]. The dropwise addition of excess aqueous Et,0BF, 
until a pH of about 2 was reached produced a yellow oil, 
which was extracted with n-pentane (150 ml). Removal of 
the solvent by rotary evaporation and drying in vacuo 


yielded the crude product czis-Ph MeGeMn (CO) ,C (OEt) Me as 


2 
a yellow oil (0.20 g). Attempts at crystallization from 
nm-pentane and acetone-water yielded only oils. Slow sub- 
limation (55°/0.01 mm) on to a water-cooled probe gave a 
yellow oil, whose infrared spectrum indicated partial 


decomposition of the et s-Ph.MeGeMn (CO) ,C (OEt) Me product 


to other carbonyl-containing compounds. 
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Reaction of Ph,GeMn (CO) ,COMe with (1) excess MeLi, (2) 
eee ee eee Soe en es ee a, ee ae ee 


Et ,NC1 


To Ph,GeMn (CO) ,COMe (1 20eg,e2.74) mmol) in diethyl 
ether (40 ml) was added 1.5 M MeLi (3.7 ml, 5.55 mmol), 
producing a brown solution. An infrared spectrum, re- 
corded in ether after a few minutes, indicated complete 
reaction of the manganese starting material and formation 
primarily of ets-Ph MeGeMn (CO) ,C (OLi) Me, DLUSTamlLtoOLe oo 
the unidentified anion mentioned in the text. (Larger 
excesses of MeLi lead to the observation of only cis- 
Ph,MeGeMn (CO) ,C (OLi) Me, as in the preceding reaction). 
Subsequent treatment in water (30 ml) with excess aqueous 
Et, NCl (0.66 g, 4.0 mmol) produced a yellow-brown, oily 
precipitate. An attempt at crystallization from acetone- 
ether was unsuccessful. Extraction of the oil with ether 
(300 ml), reduction of the solution volume to 100 ml under 
reduced pressure, and cooling in the refrigerator yielded 
pale yellow crystals of [ers-Ph,MeGeMn (CO) ,C (0) Me] [Et ,N] 
C3 5a) e. 


Reaction of [ez s-PhMeGeMn (CO) ,C (0) Me] [Et ,N] WL ssleOUSE 


3 4 
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the brown, oily residue. This residue was dissolved in 
dichloromethane (30 ml), and treated with Et,0BF,. The 
progress of the reaction was monitored by infrared spec- 
troscopy. as eMe Miaportions of the ethylating agent were 
added. Removal of the solvent by rotary evaporation, and 
extraction of the residue with m-pentane, gave a yellow 
solution. Solvent removal by rotary evaporation yielded 


an impure yellow oil, whose infrared and mass spectra 


identified it as et s-Ph,MeGeMn (CO) ,C (OEt) Me. 


Reaction of PhGeMn (CO) ,COMe Withedl) }deficiteofsMeLi; 


(2) Et,0BF, 





A solution of the unidentified anion can be generated 
bythe reaction of Ph GeMn (CO) ,COMe with MeLi in ether in 
an approximately 2:1 mole ratio. For example, treatment 
of Ph GeMn (CO) ,COMe (0.475 g, 0.95 mmol) with 1.5 M MeLi 
(0.30 ml, 0.45 mmol) gives a pale yellow solution containing 


an anionic intermediate which is not ets—-Ph MeGeMn (CO) ,- 


2 
C(OLi)Me. (This behaviour can be contrasted with a reaction 
in which MeLi is in excess-vide Supra). Removal of solvent 
and extraction with water leaves a residue of unreacted 
PhyGeMn (CO) ,COMe. Treatment of an aqueous solution of the 


unknown anion with excess aqueous Et,0BF,, until the pH is 


approximately 2, yields a yellow oil. Decantation of the 
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aqueous solution, washing with a small amount of water, and 
drying tn vacuo yields a yellow oil, whose infrared and 
mass spectra identify it as impure greg en PCeMn (CO) (CiOEL) Me - 


Reaction of PhGeMn (CO) ,COMe with (1) NaOMe, (2) Et ,OBF , 


To PhGeMn (CO) ,COMe (0.30 9, 0.69 mmol) in methanol 
(20 ml) was added sodium methoxide (0.038 g, 0.70 mmol). 
The solution was stirred for 19 hours. Removal of the 
solvent by rotary evaporation yielded a yellow oil, whose 
infrared spectrum in dichloromethane indicated an anionic 
material iv(CO) 2040 (m), 1959 (s) sh), 1935 (vs)] as well 
as a little residual starting material. Extraction with 
water (15 ml), and filtration were followed by the drop- 
OBF,, until the pH was 


3 


approximately 2. A yellow oil was precipitated, and this 


wise addition of excess aqueous Et 


was extracted with n-pentane (2 x 60 ml). The n-pentane 
extract was dried over anhydrous Na,SO, Overnight in the 
refrigerator. Filtration, and removal of the solvent by 
rotary evaporation, yielded a yellow oil. This was ad- 
sorbed on to alumina (ca. 2 g), and chromatographed on a 
column packed with alumina (50 g, 16 cm column height), 

using n-heptane as eluent. A Single yellow fraction 

(ea. 50 ml) was collected, the volume reduced (to ca. 10 ml), 
and the solution cooled in the refrigerator. Colourless 


crystals of cts-Ph FGeMn (CO) ,C (OEt) Me (45 mg) were obtained. 
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Reaction of Ph,GeMn (CO) ,COMe with (1) NaOMe, (2) Et ,NBr 
en a a 
Theereaction-of PhyGeMn (CO) ,COMe with NaOMe in methanol 
was repeated, using excess NaOMe to avoid residual Starting 
material. Ph GeMn (CO) ,COMe (0.30 g, 0.69 mmol) and NaOMe 
(0.076 g, 1.4 mmol) were stirred in methanol (20 HME) sere 
24 hours. Subsequent treatment with excess aqueous Et ,NBr 
in water precipitated a pale yellow oil. The aqueous solu- 
tion was decanted and the residue washed with water (2 Oem): 
Drying tm vacuo overnight, and crystallization from acetone- 


ether yielded pale yellow crystals of [et s-Ph, (HO) GeMn (CO) ,- 


C(O) Me] [Et ,N] (OP 20i cg) a 
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CHAPTER V 


The Synthesis of Non-Cyclic Carbene Complexes of Manganese 


and Rhenium, Containing Organo-germanium and -tin Ligands 


Introduction 


As described in Chapter I, transition metal carbene 
complexes have been widely studied over the past decade, ae 
Metal carbonyl derivatives containing elements of the fourth 
main group, other than carbon, as ligands have also received 
much easent son ae Not until 1970, however, were the first 
complexes prepared containing both carbene and group IV 


ligands, namely trans-Ph.M'Co(CO),C(OEt)Ph (M' = Sn, Poe 
S 


S 
Work by Dr. W. K. Dean in this laboratory has yielded carbene 
derivatives, notably of manganese, molybdenum and tungsten, 


52,93 and these have been 


containing group IV ligands, 
referred to in the introduction to Chapter ieee rhe® novel 
cyclic germoxy- and stannoxy-carbene complexes, described in 
Chapterm Metand thairrdervatives (see Chapter IV) can also 
be added to this class. Also, a number of manganese and 
rhenium carbene complexes, of a non-cyclic type, containing 


organo-germanium and -tin ligands have been prepared, and 


these new compounds are described below. 
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Synthesis and Characterisation of Complexes 


The Synthesis of ets-Ph,GeMn (CO) ,C (OMe) Me 


The reaction of Ph ,GeMn (CO) , with methyllithium, followed 


by treatment of the resulting lithium acylate with Me ,0PF, 


or MeOSO.F in water, has been described earlier (Chapter ITI) 


as resulting in a mixture of cis-Ph GeMn (CO) ,C (OMe) Me and 


3 
a complex of empirical formula PhGeMn (CO) ,COMe (t=) roa ee 


former was the expected reaction product, and the latter has 
been found to belong to a novel class of heterocyclic carbene 
Complexes, as described in Chapter T1. The acylate inter- 
mediate has been isolated as a tetraethylammonium salt (II-5) 
and is) well characterised (vide znfra). In a reaction employ- 
ing Me,0PF, in the second step, a GLC analysis of the organic 
reaction product, which revealed it to be benzene (see Chapter 
Pijeehasceindtcateds that che Me ,0PF 
agent in the generation of Ph.GeMn (CO) ,COMe, andedce Ls 


acts as a protonating 


assumed that MeOSO.F behaves similarly. 


Z 


If either Me ,OPF¢ ‘one MeOSO.F iS.used, scheacrude meaction 


product always contains predominantly Ph.GeMn (CO) ,COMe. This 


can be observed in solution infrared spectra of the product. 


ae NMR spectroscopy allows the relative amounts of the two 


products to be determined using peak integrals. In one case 


where MeOSO.F was used a ratio of Ph5GeMn (CO) ,COMe to cis- 


Ph.,GeMn (CO) ,C (OMe) Me of 3:1 was observed. In two cases where 
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Me ,0PF ¢ was employed, ratios of 6:1 and 13:1 were found, 
showing that the reaction is somewhat unpredictable. 

In one case, crystallization of a crude reaction mix- 
Eure) from acetone-water yielded yellow, needle-like crystals 
of ets-Ph ,GeMn (CO) ,C (OMe) Me in low yield (4%). This material 
was not analytically pure but gave satisfactory solution 
infrared and mass spectra. In conjunction with the ly NMR 
spectra of crude reaction mixtures, the infrared and mass 
spectral results established the identity of the complex (see 
Tables XI and XII). The four-band infrared spectrum (also 
showing an extra shoulder, presumably due to the presence of 
more than one isomer in solution-vide infra) establishes the 
ets-geometry of the molecule. The mass spectrum shows the 
expected parent ion (m/e 530) and the stepwise loss of four 
carbonyl groups, thus resembling the spectra obtained for 


the ethoxycarbene complexes described below. 


The Synthesis of Complexes of the Type ets-RM'M(CO) ,C(OEt) R' 
a a ee 


As explained previously, the reaction of Ph GeMn (CO) , 


3 
with methyllithium yields the lithium acylate eis- 


PhGeMn (CO) , 


Et ,NBr yields the salt [evs—Ph,GeMn (CO) ,C (0) Me] [Et ,N] (L1=5) 5, 


C(OLi)Me. Subsequent treatment with aqueous 


which has been well characterised by infrared and cf NMR 
Spectroscopy, and microanalysis (see Tables XI-XIII). Although 


attempts at methylation of the lithium acylate yielded only 
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small amounts of the expected methoxycarbene complex, it 
has been found that ethylation of the same acylate using 

Et 3OBF , proceeds cleanly to give the expected product, 
evs-Ph,GeMn (CO) ,C (OEt) Me, in high yield (II-6). In 
analogous reactions a number of Closely related derivatives 
have been prepared, containing organo-germanium and -tin 
ligands (V-1). These products have been well characterised 


by infrared, ae and —c NMR spectroscopy, and mass spec- 


R3M'M(CO), + R'LE SESE, ci e-RyM'M (CO) ,C (OLA) R! 
Et,OBF : 
water > ©t8-R3M'M(CO) ,C(OEt)R' V-1 
R = Ph, M' = Ge, Sn; M = Mn; R! = Me, Ph. R= Me: 
M' = Ge; M = Re; R! = Me, 


trometry, and by microanalysis (see Tables xd —=X1IT TL) oan 
the case of ets-Ph,GeMn (CO) ,C(OEt) R! (R' = Me, Ph), the 
products precipitated from the aqueous reaction mixtures 
were pure solids which had sharp melting points and gave 
good analytical data. The complex ets-PhSnMn (CO) ,C (OEt) Me 
was sometimes precipitated as a solid and sometimes as an 
Oil, yando11.formationuwasS.:also observed in the case of 
ets~Ph,SnMn (CO) ,C(OEt) Ph. In cases where oils were formed, 
the products were purified by chromatography. The complex 
cet s-Me ,GeRe (CO) ,C (OEt) Me is a liquid at room temperature 
and could also be purified by chromatography. 

The fact that the complexes all possess cts-geometries 


at the central metal atom is Clearly established by their 











$i ,xebqitcs snodianynodsehi betxeqxe re 3 
caien stsiyon omea ont Yo nntahneite 350 ' + 
_jovbota batveqzo ons ove ot yinselo montis 

at .(3-ILY Slery dwed we vot 720) 5, 9D) 
aevitsyviush betsiot yissols to yodmen 4 vii 39809, ee 
nid= 6n65 mrinenrrep-onepee pakntesneo bemqary head “eves, ' q 
bsatrososzsaio {law seed lee ajouhorg sao? ae) abaspit a 
euam brs quoodewaann SMA off bas ms Sexettak wd i 


a 
'g(.£50) ae Par) * (oD) Mes ~ 7 


f-Y- 'ACAAONO, (179) MYM, Sees _ : i 


~ _ 


-oM = 5X tt ,.oM = "S sae = 2 Ue oa = ” aa “ a 
att 9: se = nda an 








—_ ? Ste 














ar .ATTEX“1% eoldst aon) ee ya Ens ate 7 
az dat yom. =") ‘1 (396), (09) aMed,Ad-s ha 3 Qo eneo edt. 
asvlsxia nottonet aGooups shi mox betstiqivesg ssooteag 
svep Boa athitog prieken qusde bed . doidw selon ong et 7 | | 

su (dda), (09) Mine. ctr voles att sted f 5s boop: an 
iB 26 vamiteanoe bag pitoa 6 cipeiecltataliaanl oe an 


_= a 


to 9AB9 ~s se oneal ae Lko 
ybemmig? s19W ahi 2 a | 
wud — ie? miaaa! a) 
sauna ax is panies ham adie be, 0 38 










yy 














105 


four-band solution infrared spectra in the carbonyl region 
(Table XI). This geometry supports the contention of 
Darensbourg and Darensbourg,>*+ who have suggested that, in 

a given molecule, the carbonyl group of highest force con- 
stant is most susceptible to attack by organolithium reagents. 
This point has been previously discussed in Chapter II. The 
existence of extra shoulders in the solution infrared spectra 
of ets-Ph SnMn (CO) ,C (OEt) Me and cts-Me 


3 2 


(see Table XI and Figure 20) probably arises from hindered 


GeRe (CO) ,C (OEt) Me 


rotation about the carbene carbon to oxygen bond, which can 
lead to two isomers. °° The existence of two isomers in the 
case of cts-Me ,GeRe (CO) ,C (OEt) Me has also been indicated 
by a variable temperature A NMR study (vide infra). 

The suggested formulations of the complexes are fully 
Supported by mass spectral results (Table XI). In each 
case a parent ion with the expected isotope combination 


pattern is observed. For the complexes cis-R M'M(CO) ,C (OEt)R' 


3 
(where R = Ph; M' = Ge, Sn; M = Mn; R' = Me, Ph), the step- 
wise loss of four carbonyl groups from the parent ion is 
observed in each case. For the trimethylgermyl- complex, 
ets-Me ,GeRe (CO) ,C (OEt) Me, however, competing losses of 
methyl and carbonyl groups from the parent ion are observed. 
The formulations of the new compounds are further con- 
firmed by ly NMR results. The data from spectra recorded 
at ambient temperatures are reported in Table XII, and the 


spectrum of cts-Ph GeMn (CO) ,C (OEt) Me is shown in Figure 21. 
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Figure 20. Infrared spectrum [v(CO) region] of 


et s-Ph.SnMn (CO) ,C (OEt) Me in cyclohexane. 
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1 


A more detailed ~H NMR study of the complex cts-Me GeRe (CO) ,- 


3 
C(OEt)Me has also been carried out. The sharp signals which 


ofl, broaden as the 


temperature is lowered and at -50°C fairly sharp signals due 


are observed at ambient temperature in CD 


to two distinct species are observed. These changes are 


completely reversible. A closer examination of the C-CH., 


resonance alone, using scale expansion, revealed that at 
-60°C a limiting low temperature situation was reached, 
showing two sharp singlets of approximately equal intensity 
separated by 15.0 Hz. As the temperature is raised, peak 
broadening is observed, and the peaks coalesce (coalescence 
temperature -33°C). The single, averaged signal then con- 
tinues to sharpen up to +10°C when a limiting situation is 
reached. A detailed line-shape analysis has not been 
Carried out. A variable concentration study, again of the 


expanded .¢-Ci region, scarricdyout et, —-40°C, established that 


3 
the process is concentration-independent, and this behaviour 
can therefore be contrasted with the concentration-dependent 
dimer-monomer equilibrium discussed in Chapter III. It seems 


likely that the isomerism observed for cis-Me GeRe (CO) ,C (OEt) Me 


3 
involves hindered rotation about the carbene carbon to oxygen 
bond. A process of this type has been studied by variable 
temperature a NMR in the case of Cr (CO) -C(OMe)Me, uSing a 


Similar temperature ranges: (the limiting low temperature 


Situation was reached at -40°C). The possibility that, in 
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the case of ets—Me ,GeRe (CO) ,C (OEt) Me, hindered rotation 


about the metal to carbene carbon bond causes the observed 
spectral changes cannot, however, be eliminated on the basis 
of existing information. 


The fact that the novel compounds described here are 


LS 


in fact carbene complexes has been confirmed by a C NMR 


spectrum of cts-Me GeRe (CO) ,C (OEt) Me, carried out at ambient 


=) 


temperature in CDC13, which revealed a Signal at -314.8 p.p.m., 
a chemical shift indicative of a carbene carbon atom attached 
to a third-row transition metal. For comparison purposes, 

inated n W(CO) .C (OEt) Me eccurseatc. —330.1 Saag oo Further 


Abs) 


details of this C NMR spectrum will be discussed in 


Chapter VI. 


The Synthesis of Ethylaminocarbene Complexes 


The reactivity of alkoxycarbene complexes towards primary 


or secondary amines to yield amminocarbene complexes has been 


well established. One such example was referred to in aoe 


Thiocarbene complexes can be similarly generated by reacting 


alkoxycarbene complexes with thiols (see for example ese 


It has been found that no reaction occurs when cis- 


Ph GeMn (CO) ,C (OEt) Me is stirred with excess, neat ethanethiol 


in a pressure bottle for 24 hours. Treatment of this complex 


esa et s-Me ,GeRe (CO) ,C (OEt) Me with ethylamine in a similar 


manner, however, yields the expected ethylamino derivatives 
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ets-PhGeMn (CO) ,C (NHEt) Me and evs—Me,GeRe (CO) ,C (NHEt) Me. 
ly NMR spectra suggest that both of these complexes exist as a 
mixture of two isomers at room Lemperacure (Vide intra )e 
Solution {pees Spectra of the two new aminocarbene 
derivatives confirm their ets-stereochemistry at the central 
metal atom (Table XI). The suggested formulations are 
Supported by mass spectra, which reveal the expected parent 
ion in each case (Table XI). In the case of cis- 
Ph,GeMn (CO) ,C (NHEt)Me, the stepwise loss of four carbonyl 
groups from the parent ion is observed. In the Specerum, OF 
et s-Me ,GeRe (CO) ,C (NHEt)Me, competing losses of methyl and 
carbonyl groups are seen, with the former apparently favoured. 
Analytical results for the new complexes are presented in 
ables Ul. 
ly NMR spectra, recorded at ambient temperatures, have 
shown that in CDCl. solutions of either et s~PhGeMn (CO) ,- 
C(NHEt)Me or ets—Me ,GeRe (CO) ,C (NHEt) Me two species exist. 
Furthermore, a variable temperature study of the rhenium 
complex, in toluene-d,, revealed no spectral changes up to 
a temperature of 110°C., establishing that the two species 
present do not interconvert rapidly on the NMR time scale. 
The mi NMR spectrum of a sample of the manganese derivative 
after crystallization from n-hexane revealed that one species 


had been almost entirely removed, implying that the two 


species do not interconvert under normal conditions. It has 
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been shown earlier that there is a high barrier to rotation 
about carbene carbon to nitrogen bonds in aminocarbene com- 


plexes, /° [thas been found, for example, that Cr (CO) ,- 


C(NHMe)Me was formed as a ects-isomer’1t 


Loliated Seetheutwo 
methyl groups were ets to each other with VeSpect (Lo ethe 
carbene carbon to nitrogen bond). This could not be conver- 
ted to the trans-isomer thermally, but only by base 
catalysis, /? Therefore, it seems highly likely that the two 
Species present in solutions of both of the novel amino- 
carbene complexes, described herein, arise from isomerism 


about the carbene carbon to nitrogen bond. The two isomers 


are shown in 23 and 24. It must be assumed that the two 


Et H 
H 
R3 Nese R3 \y7 
i / Ge | 
OC G 
OC G Py oe pet yee 
M e 
oc | ~co yer || Se 
G 
6 5 


nw 


23 24 


-eviio> sd dod bivos aki! . (Beod sepomtie of fedxeo emaee See 


© 

















aoisejox ot teinand ppiA Be ae een, saat = 
“oD onedxeoontam ni) ehtodg noportee a pai : 
2{0d)42 sels st@nas: aoe bead need ast 3 ‘sand 7 

owt oefy,,al tals) a 1emoel-san * ap beao} ee 
git ot JoSqees dtiw tedto ris ot wero stow agupnp Lydseu - 7 


sepa vd Yin sad Visas xamoeioangns) peda oF Bed . 
yt ands JAS etii yirpad emeae Fe oagteredt. a eteylsgeo 
-ortmse {avon eft, to tged 26 erotgutes ath. taseesg “ew 
MeLiomozt mort saixts \Ateten bedioeen .2exetqmoo oudns 
atomves owt off .brod megoudtn oF ages stedres sf ee 
ows edt tant bomdaes of Jeum ag ~£S fete €s ck ‘swore. #28 fan 





Ha: 13 
g . 
“ io 90 
al > 
ie 


mare ies _ 
~ Aone a Pan a "i sper 


Lie 


isomers have degenerate Carbonyl stretching bands in the 
case of the rhenium complex, which shows a Simple four band 
solution infrared spectrum. In the Manganese case, however, 
an @€xtra shoulder indicates that more than one species is 


present (see Table XI). 


+3 


EXPERIMENTAL 


All reactions were carried out at ambient temperature 
under a static nitrogen atmosphere and products were handled 
with minimum exposure to air. Diethyl ether and hydrocarbon 
solvents were dried by distillation from calcium hydride 
and solvents were saturated with nitrogen prior to use. 

The compounds Ph 


GeMn (CO) Ph.SnMn (CO) and Me.GeRe (CO) 


5 5a 3 5a 3 
were prepared as described in Chapter II. The methylating 


s) 


agents Me ,0PF¢ and MeOSO,F were purchased from Aldrich 
Chemical Company, Inc., Milwaukee, Wis. Ethylamine and 
ethanethiol were obtained from BDH Chemicals Limited, Poole, 
England. Other reagents and materials were obtained from 
sources cited in Chapters II and Iv. 

Melting points, and solution infrared and mass spectra 
were Obtained as described in Chapter Il. Microanalyses 
weLe performed inj the Microanalytical Laboratory of this 
Department. ae NMR spectra were recorded as described in 
Chapter ll, except «Gor, the variable temperature study of 


evs-Me ,GeRe (CO) ,C (NHEt) Me which was carried out using a 


Perkin-Elmer R-32 instrument, operating at 90 -MHz. 
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Preparation of cts—Ph,GeMn (CO) ,C (OMe) Me 
Se ee ey BARS As Eee EE tS 


The procedure is very similar to that used in the syn- 
thesis of the cyclic carbene complexes prepared in Chapter 
II. Treatment of Ph,GeMn (CO) , (ORS 0nd peels OO TIMO Ll) with a 
Slight excess of methyllithium in ether rapidly generates. 


the lithium acylate, ctis-Ph.GeMn(CO) ,C(OLi)Me. Subsequent 
4 


3 
treatment of an aqueous solution of this acylate with either 
Me ,0PF, (excess aqueous solution added until the pH ~ 2) or 
MeOSO.F (0.1 ml added from a syringe, which produces a final 
pH ~ 3) rapidly yields a white or pale yellow powder, which 
contains a mixture of cvs-Ph.,GeMn (CO) ,C (OMe) Me and 

Ph,GeMn (CO) ,COMe with the latter always predominating. In 
one instance where MeOSO,F was used, the precipitate was 
recrystallized from acetone-water, yielding yellow, needle- 


like crystals of analytically impure cis-Ph GeMn (CO) ,C (OMe) Me 


3 
(20 mg). It has more recently been established that the 
complexes whose syntheses are described below are stable 
towards column chromatography on alumina, and this may prove 


to be the preferred method of isolation of larger amounts of 


ets-Ph.,GeMn (CO) ,C (OMe) Me. 


Preparation of Ethoxycarbene Complexes 
a es ee 


The method is essentially the same as that described 


above. Treatment of Ph GeMn(CO),, Ph.SnMn (CO) or 


3 ) Die 
Me ,GeRe (CO), with a slight excess of methyllithium in ether 
















g i 
* mn 


~nye sit ai Beau salt og velimte yaa, #8, nine 
1siq6d9 at beisge1q eoxelqios atedTs>: Wilts 

6 datiw (fom 0.1 je 08.8) 2 (00) aMeR AE - 2 
estszsnsy. Yibiqs: xedte ab mite eiiyiaem, fo once 
tnaupsadise 518410) Dy hOONntED Y di-abe OF LYOR me RES EL at 
1oritis dtiw s#efvos eins Yo npisuloe, peat ne 20 put aett 
ro (S ~ Hg od? Tiduy bebe qobeados 2u09upE. 2e20x9)pTH0g9m 
[scii s asvuborq fuidw ,Spntaya Ss mozd bebbs Bc: £.0), %,QReM = | 
foidw ,rshwoq wolisy ef6q 40 esi] 6 abfeiy, uibhaes (Eo Rd 
bis alt (960) D, (0a) Med desis 39 oxnudxim 4 6 eaisdacs 

al ,piiteninobssq-syewis goes ais ashw atO9, (09) aMaDeda 
Baw otsti ‘ca edo , beet 2sw  T.OR08M, oracle SOnRt atk OP: 
-el boon’ ,wolley paiblsky \satee-esoseas moet boxiitaseysed | 
9M (2MQ) 9, (09) aMeb, a= te Saniegtis vitapitytans 20 eisdaye re 3 i 
ot teds boreiidstes deed yltnecex 9108 nen. 3h a 7 
sidst2 sis woled bediasasb one ageersn ponam, 


syvorg i eidd ban .sotmeis ad wiasxperamerto amiton 
to stqvomes uwsotsl to notselosk Si) hositam be 
f ; ‘ A ay er 7 









L435 


gives a rapid reaction, and is accompanied by a colour 

change from colourless to yellow. After a few minutes, the 
infrared spectrum of the carbonyl region, recorded in diethyl 
ether, shows oe Bee due to the cis-disubstituted lithium 
acylate. Subsequent ethylation of the lithium acylate in 
water, using excess aqueous Et,0BF,, which is added dropwise 
until the pH is approximately 2, yields the product. In some 
cases the product precipitates as a pure solid, in others as 
an O11 (see text). In the latter case the product can be 
purified by column chromatography on alumina, using n-heptane 
Oren -hexane vas Gluent, followed by crystallization. of the 
product from a hydrocarbon solution. An attempt to crystal- 
lize cts-Me,GeRe (CO) ,C (OEt) Me from m-pentane at -78°C was 
successful, but the pale yellow crystals melted below room 
temperature. In the case of ets-Ph,SnMn (CO) ,C (OEt) Ph an 
attempt was made to crystallize the material without prior 
chromatography. The solid obtained was rather impure, and, 
was then chromatographed and recrystallized to obtain a pure 
Sap osopelhiesproduct sa sltars, thought that, if the crude 

Oil were initially chromatographed and then crystallized 


once, the yield of pure product could be increased somewhat 


over that reported in Table XIII. 
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Preparation of Ethylaminocarbene Complexes 
late ee er ee PLEXES. 


et s-Ph.GeMn (CO) , 


to ethylamine (ca. 20 ml) in a pressure bottle. After 


C(OEt)Me (0.40 g, 0.74 mmol) was added 


capping the bottle, the solution was magnetically stirred 
for 4.5 hours, The bottle was opened, and the excess ethyl- 
amine was evaporated under a stream of nitrogen. The yellow, 
Oily residue was extracted with n-pentane (150 ml), and the 
solvent removed by rotary evaporation to give cis- 

Ph3GeMn (CO) ,C (NHEt) Me asada teow 010s ag has Thasicon- 
pound was reluctant to crystallize from n-hexane and only 
low yields (cea. 25 mg) of poor quality crystals have been 
obtained. 


The compound cts-—-Me GeRe (CO) ,C (NHEt) Me can be prepared 


3 
in an analogous fashion from ets-Me3GeRe (CO) ,C (OEt) Me. The 
aminocarbene complex can be chromatographed on alumina 
using n-heptane as eluent, and sublimes at 60°C/0.01 mm 
onto”a probe cooled to -78° to give a yellow solid. The 


compound melts, however, as the probe warms to room 


temperature. 
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CHAPTER VI 


Carbon-13 NMR Spectra of Carbene Complexes of Manganese and 
Rhenium, and of a Compound Containing a Ketonic Oxygen Atom 
ee eee ea ee een er eee ey ECON 


Coordinated to Rhenium 


Introduction 


Over the past several years the quantity of eo NMR 


data for transition metal carbonyl complexes has increased 
rapidly. A comprehensive review by Todd and Wilkinson’? 
is a useful guide to the results published to date and the 


55 185 


conclusions drawn therefrom. The nuclei Qi, Re and 


ae ee all with I = 5/2, possess quadrupole moments which 
can potentially broaden the signals of carbon atoms bound 
directly to them, and it is clear that carbonyl derivatives 
of manganese and rhenium have so far received little 
attention. /3 
In keeping with the highly electrophilic nature of 
carbene carbon atoms bound to transition metals, their 
resonances in te NMR spectra appear at very low field. 
Spectra of many carbene complexes, a large number of them 
also containing carbonyl groups, /? have been obtained. 
Studies to date, however, have dealt mainly with carbene 


REN SIs 


complexes of chromium and tungsten, of which a 


large number exist. The data presented herein fully 
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support the formulation of the novel cyclic complexes 
described in Chapter II as metal carbenes, and represent 
the first LG NMR results for carbene complexes of man- 
ganese and rhenium. 

In Chapter II, the question of the most appropriate 
representation of the structure of the new complexes was 
discussed in terms of the potential canonical forms 16 and 
17. While li, the carbene formulation, appears appropriate 
on the basis of existing evidence, there is no precedent 
in the literature on which to base a prediction of the 
enemicalesiiittisot the acyl carbon atom in) a structure of 
the type 16. Acyl carbon resonances in metal acyls appear 
ated ..—2 Um Depsil. (See Chapter Wii) and the etfrect of 
coordination’of the oxygen atom to germanium or tin, as in 
16, cannot be estimated. A oe NMR study of adducts 
involving ketonic oxygen atoms and main group metals such 
as Zinc and aluminum, of which a number sage, 2° may prove 
informative in this regard. Further examination of the 
literature indicated that a number of carbonyl complexes 
containing ketonic oxygen atoms coordinated to transition 
metals have been prepared, and that none of these have been 
examined using bee NMR. In view of the fact that, in some 
cases, interesting structural alternatives have been 
mentioned (vide tnfra), the She NMR spectrum of a complex 


containing a ketonic oxygen atom bound to rhenium has been 


recorded, as the first step in a study of such complexes. 
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Results and Discussion 
hae NMR Results for Carbene Complexes of Manganese 
ee es ae a ee ee ee Cla or 


and Rhenium 


The aC NMR results are summarized in Table XIV, and 


several points are worthy of discussion. The Specenum oF 
MeGeMn (CO) ,COMe at ambient temperature, under conditions 
where the monomeric form of the complex predominates, 
reveals a resonance at -338.0 p.p.m., a region generally 
associated with carbene Carbon resonances in metal carbene 
complexes. By way of comparison, the complex Cr (CO) -C (OEt) Me 
exhibits a carbene carbon resonance at -357.3 p.p.m.- 

The low temperature spectrum of Me ,GeMn (CO) ,COMe, under 
conditions where both monomeric and dimeric forms are pre- 
sent in substantial amounts , reveals two peakSwate-s35e0 
and -337.6 p.p.m., which can be assigned to their carbene 
carbon atoms. 

Further support for the carbene formulations of the 
molecules comes from a spectrum of Me,GeRe (CO) ,COMe (see 
Figure 22), recorded under conditions where the dimeric 
form predominates, which shows a peak at -305.7 De Dei. 
This value agrees closely with that of a carbene complex 
of a more conventional type, cts—Me ,GeRe (CO) ,C (OEt) Me, for 
which a value of -314.8 p.p.m. was obtained. The fairly 


large shift to higher field (ca. 30 p.p.m.) of the carbene 
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TABLE XIV 
13, NMR DATA FOR CARBENE COMPLEXES OF MANGANESE AND RHENIUM 
Chemical shift ? 
Compound C (carbene) C-CH, Ge-CH, co 
Me ,GeMn (CO) ,coMe? -338.0 -49.2 ZnS =216.5° 
\ 
MeGeMn (CO) ,COMe® 337.6 -50.8 = One 
=21604 
[Me ,GeMn (CO) ,coMe] ,° -335.0 49.9 =13e4 
a g 
[Me ,GeRe (CO) ,coMe] , ~305.7 -53.9 i) 3 -191.8 
~190.5 
-190.0 
-188.8 
oie-Me ,GeRe (CO) ,C (OEt)Me""® -314.8 -50.0 S55 ~194,6" 
=192"5 
=I9022 





@chemical shifts in p.p.m. relative to tetramethylsilane; cDcl, solvent. 


Pnetermined ACESS Ee 


“Determined at -30°C. Mixture of monomer and dimer present. Assignment of 
peaks to monomer and dimer tentative (based in part on peak intensities). 


anetermined at 45°C. 


©0-CH,-CH, -76.8; O-CH,CH, -14.4. O-CH,CH, signal overlaps with centre of 


triplet. Therefore, lowest field peak of CDCl 


CH 


cpcl triplet used as internal 


3 3 


standard (-78.30 p.p.m. from TMS). 


frine width ca. 150 Hz. 


Spine width ca. 12 Hz. Peak intensities for CO resonances not equal (may be 


affected by presence of small amounts of monomer). 


Aine width ca. 25 Hz. Relative peak intensities for CO resonances of 2:1:1 


(lowest field peak of intensity 2). 
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Carbon resonances on going from manganese to rhenium is 
consistent with a shift of similar magnitude on going from 
carbene complexes of chromium to their tungsten analogs.“ 
The carbonyl Carbon resonances of the manganese com- 
plexes appear as broad, unresolved peaks, consistent with 
earlier results for manganese carbonyl complexes. /3 ia 
the rhenium case quadrupole broadening is less severe and 
the carbonyl peaks are clearly resolved. The improved 
resolution of carbonyl carbon atoms bound to rhenium, 
compared with manganese complexes, is supported by the 
results in Chapter VII.) The observed shift of carbony] 
HesOnancess tOsniGnieresleldsbysca..25)p.p.m. On going from 
manganese to rhenium, parallels a change of similar mag- 
nitude when comparing chromium and tungsten carbonyl com- 
plexes, respectively. 
ie NMR Results for a Compound Containing a Ketonic 


Oxygen Atom Coordinated to Rhenium 


The ae NMR spectrum of the complex 25, first prepared 


by Kaesz et eis OE is shown in Figure 23. The data are 
summarized in Table XV. The observation of three resonances, 
of relative intensities 2:l:l1, for the carbon monoxide 
ligands implies that the chelating group is planar, unless 
accidental degeneracy is involved. The assignment of the 


ketonic carbon resonance has been confirmed using a sample 
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Figure 23 
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Figure 24 


PiguLe 23). 130. NMR spectrum, in CDCl., of the complex 


containing a ketonic oxygen atom coordinated to rhenium, 
ote enriched 


C NMR spectrum, in CDCl., of a 


Figure 24, 
sample of the complex containing a ketonic oxygen atom 


coordinated to rhenium. 
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TABLE XV 


ic NMR DATA FOR THE COMPOUND CONTAINING A KETONIC 


OXYGEN ‘ATOM COORDINATED TO RHENIUM* 


Chemical Shift Assignment” 
-215.8 C=0 
-192.0 COM 
-188.1 
LOE Wey (hrs depe 7 
-144.7 17 0),) OCI. 
1 -Re( CO), 
-142.9 Ee Thr, The 1S) eye ING) ~ 
-136.4 lee Gphore? : VA 
i 6 
-135.8 2H Es ee a Ore) 7 
-134.8 %, Oy Oe Swe ie 8 8 
g 
-133.0 2693704, 85i, or 410 
10 
S290 Se Ory 
-128.7 oor 9 
-123.9 Zaye 4 rosewood 





“chemical shifts in p.p.m. relative CoRtercamecny l= 
Silane; cbcl, solvent; spectrum recorded at 45°C. 

Passignment of phenyl resonances based on relative 
peak intensities in proton-decoupled spectrum. 


c : sees 
Relative peak intensities of carbonyl resonances 


Zee beCdkwaceilgnieotenieldsOLeintensity  2)). 
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13, at the ketone 


of the complex ea. 10% enriched with 
position (see Figure 24). The ketonic carbon resonance 
appears at -215.8 p.p.m. and is shifted to lower field by 
19.4 p.p.m. relative to the ketonic carbon resonance in 
benzophenone. All chemical shift values were determined 
in CDC1., solutions, 

Another noteworthy feature of the spectrum of 25 
involves the phenyl carbon resonances. The Signal due to 
one of the phenyl carbon atoms is highly deshielded com- 
pared with the other phenyl resonances, appearing in the 
carbonyl region at -185.9 p.p.m. This was discovered in a 
proton-coupled experiment in which this resonance broadened 
while the three carbonyl resonances remained sharp. This 
experiment also indicated that the phenyl carbon atom in 


question was not bound to a hydrogen atom, since it merely 
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broadened rather than splitting into a widely spaced doublet. 
This assignment agreed with that based on relative peak 
intensities of the phenyl carbons in proton-decoupled spectra. 
The three weakest signals of the phenyl resonances should 

be due to carbon atoms not bound to hydrogen, and therefore 
unable to benefit from Overhauser enhancement. The peak at 
loom le .meml Ss OnenOor these three. it 1s not known which 
of the three possible phenyl carbon atoms in 25 gives the 
resonance ate loo .9epep.M.,eang no Clue can be gained from 
related complexes. The phenyl carbon atom bound to rhenium 
in PhRe (CO) . appears in the normal phenyl region (see Chapter 
VII), and the phenyl resonances in benzophenone are closely 
grouped between -137.6 and -128.1 p.p.m. 

A number of complexes related to 25 exist. a newhach 
ketonic oxygen atoms are coordinated to manganese//~81 and 
iridium, ’° and such complexes may be sources of further 
dla emeeOLentilalwapplications of thisstype of study in— 
clude structural elucidation in molecules formulated as 
having several possible resonance forms, one of them con- 


taining a coordinated ketonic oxygen AS oe 


Also 

some controversy surrounds complexes of the type 18, briefly 
discussed in Chapter II, since X-ray structural data does 
not distinguish possibilities involving bridging carbene or 
ketonic groups between two metal atoms .?> An attempt at 


obtaining the ae NMR spectrum of the dimethyl analog of 
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18 was unsuccessful and this molecule appears to be rather 
unstable in solution. More stable complexes in which the 
Same structural possibilities exist have recently been 


prepared however, ®485 


Awcry SCaiwstructure of tone ot 
these has been completed, but fails to distinguish between 
possibilities involving bridging carbene and ketonic 


8 
groups. 
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EXPERIMENTAL 


2GeRe (CO) ,COMe 


were prepared as described in Chapter II. The complex 


The compounds Me GeMn (CO) ,COMe and Me 


evs—Me ,GeRe (CO) ,C (OEt) Me Was preparedyas in Chapter Vv. 
The rhenium complex, 25, was prepared by the method of 
Kaesz et oe from MeRe (CO) , and benzophenone in toluene. 
The compound MeRe (CO) - was prepared by the method of Hieber 
et ah. oe Benzophenone was purchased from Fischer Scientific 
Company, Fair Lawn, N.J. Benzophenone, 903 ee enriched 
at the ketone carbon atom, was purchased from Merck, Sharp 
and Dohme, Canada, Ltd., Kirkland, Que., and was diluted to 
a level of cas—£0% ac enrichment before preparation of an 
enriched sample of the rhenium complex. Toluene was dried 
by distillation from sodium prior to use. 

ec NMR spectra were recorded using the Fourier trans- 
form pulsed NMR technique. Proton-decoupling was employed 
except as noted in the discussion. Varian HA-100 and 
Bruker HFX-90 spectrometers were used, operating at 25.15 
MHz and 22.6 MHz, respectively. The number of scans was 
typically 10,000 to 20,000 for the carbene complexes, and 
4,000 for the compound of Kaesz et al.; the delay between 


scans was of the order of 0.4 to 0.8 seconds; the flip angle 


waS approximately 45°. All spectra were recorded in CDCl 
13, 


5 


and no relaxation agent was used in any instance. 
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chemical shifts were measured relative to the centre of the 
cpcl, triplet (except as noted in Table XIV) and are 
BeponcedmrelativertonlMS bysusemofsthe trelation 6(TMS).= 

6 (CDC1.) - 77.035 p.ep.em. The sign convention employed 

gave carbon atoms deshielded with respect to TMS negative 6 
values. In cases where several spectra of a particular 
complex were obtained, chemical shifts were reproducible 

Lom 0clep Dl. oOlLutTOnmconcenebatlons: were. ca.) l)M and 
0.5 M for Me.GeMn (CO) 


2 4 
CG280 208M tor [Me .GeRe (CO) ,COMe] ,; ea. 1M for ects- 


COMe at +35° and -30°C respectively; 


Me GeRe (CO) ,C (OEt) Me; ca. 0.5 M for the compound of Kaesz 


& 
anca0; Oo Meror all0s 2c enriched sample of the same complex. 


eft 6 omtag> afd-oF ‘opal tonveme arow 
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CHAPTER VII 
A Carbon-13 NMR Study of Some Pentacarbonylrhenium Complexes 
nt SS 


Introduction 


The nuclei une Saeko and wel ies MIE KSeley 28 Lye 


possess quadrupole moments which can potentially broaden 
the signals of carbon atoms bound directly to them. Car- 
bonyl carbon resonances in manganese carbonyl derivatives 
are typically broad’? (see Chapter VI) and, possibly 
because of expectations of similar behaviour in the case 
of rhenium, only two rhenium carbonyl complexes have been 
investigated prior to this work, namely Re, (CO), and 
BrRe (CO), . These compounds were recently reported by 


Todd and Rae sori 


to give "fairly well resolved" spectra 
at ambient temperatures in THF. These authors have also 
demonstrated that resonances broadened by coupling to 
quadrupolar transition metal nuclei can be significantly 
sharpened by sufficiently cooling the samples. °® 
In earlier work with carbene derivatives of manganese 


aoe NMR proved to be a valuable tool in 


and rhenium, 
assigning structures to these complexes (see Chapters II 
and VI). In view of the high quality of spectra obtained 


for the rhenium complexes (described in Chapter VI), we 


have studied a wider range of rhenium carbonyl derivatives. 
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In this Chapter are presented results for an extensive 
series of neutral mono-substituted rhenium pentacarbonyl 
complexes, XRe (CO), plus one derivative of the type 

[LRe (CO) ,] [PF¢] (L = CH,CN) Most of the neutral com- 
plexes gave sharply resolved spectra at ambient temperatures 
in CDCl., and an excellent spectrum of the salt was obtained 


at ambient temperature in CD,CN. In the case of two neutral 


derivatives studied at high temperatures in toluene-d,, 


resonances due to inequivalent carbonyl carbon atoms were 


still clearly resolvable at 100°C. The nae NMR chemical 


shifts are discussed in terms of their correlation with 
Cotton-Kraihanzel (CK) carbonyl stretching force constants 
and the limitations of this often-used treatment are 


pointed out. 


“In this discussion of these rhenium derivatives and 
related complexes, the symbol L will refer to neutral two- 
electron donor ligands such as phosphines or acetonitrile 
and X will refer to ligands which may formally be described 
as neutral one-electron donors or anionic two-electron 


donors, @€.G., (CH) ,Si, Bae CH, 
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Results and Discussion 


Neutral Complexes of the Type XRe (CO) , 





Recently it has been shown that 16 NMR spectra of 


carbonyl derivatives of transition metals with nuclear 
quadrupole moments can be obtained by the method of 


88 In the studies of rhenium 


"temperature relaxation." 
carbonyl derivatives, described herein, it has been found 
that quadrupole broadening is not a problem in most cases. 
Satisfactory spectra can usually be obtained at ambient 


tempera tunresmeine CDCl (see Tabbesxvl) = Ditticultacs have 


3 
been encountered only with Rey (CO), os which gave one broad 
SiG uate cecamea ldap. Detiemrelative:to IMS, presumably 
due to the eight equivalent equatorial carbonyl carbon 
atoms, and (CH) ,PbRe (CO) , for which a broad, unresolved 
Signal in the carbonyl region at ca. -189.3 p.p.m. was 
observed. In the case of C1lRe (CO). there were severe 
solubility limitations in cpcl, and after several thousand 
pulses no carbonyl resonances were observed. 


The 13 


C NMR results will now be discussed under two 
headings: 
(a) resonances due to carbon atoms other than 


carbonyl carbon atoms, and 


(b) resonances due to carbonyl carbon atoms. 


7 
a 
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1 = 
4 7 
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(a) Resonances due to carbon atoms other than 
ee OMS OLDEST Ean 


carbonyl carbon atoms 
a a 


Few examples .of we 


C NMR chemical shifts for acyl carbon 
atoms bound to transition metals have been reported. The 
values of -245.4 and -244.0 D-p-m. —Lound for CeH,CORe (CO) , 
and CH,CORe (CO) , are shifted up-field with TeSpect, to the 
iron derivative (n-C5H,) Fe (CO) ,COCH, for which the chemical 
shift of the acyl carbon atom is = 2404 p.pem.°> It would 
therefore be of interest to obtain the Spectra of 
CgH_COMn (CO), and CHCOMn (CO) , to compare closely related 
compounds within one transition metal group. 

The molecule CeH5Re (Co), represents one of the few 
reports of phenyl carbon resonances due to a phenyl group 
o-bonded to a transition metal, other examples being 


(n-C,H,) ,TiPh,, evs—[PtPh,(PEt,).], trans—[PtPh, (PEt ] and 


90 


3) 2 


[PtPh,Cl. (PEt Carbonyl resonances for the complexes 


aboie 
(n-C,H,) Fe (CO) ,x (X = CoHee P-CH,Cl, CoP.) have been 
reported, 7+ but the phenyl carbon resonances were omitted. 
Phenyl resonances for CoH Re (CO), could be assigned on a 
relative intensity basis, the weakest Signal being due to 
the carbon atom bound to rhenium (this carbon atom has no 
hydrogen atom attached to it and does not benefit from 
Overhauser enhancement in a proton-decoupled spectrum). The 


para-carbon signal is of intermediate intensity and the two 


pairs of ortho- and meta-carbon atoms give the strongest 
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Signals. The phenyl resonances in CoH CORe (CO) ,. were 


5 


Similarly assigned and are also listed in Table XVI. These 
assignments were confirmed using proton coupled spectra. 
AYIeOLe che phenyl carbon resonances showed small long-range 
couplings to hydrogen atoms on the phenyl ring, but carbon 
atoms directly bound to hydrogen were in addition split into 


widely separated doublets i 13 ’ values were of the order 


(xu 
Of 1607Hz). 


The resonance of the methyl carbon in CH Re (CO) . lies 


3 
LOsoigherileldsot IMS atetoss0ep.pem. |itvis also more highly 


shielded than that in CH.Mn (CO). WiEChmOCCULS wait 2) vee bs. oil « 


relative to Core 


fact the highest-field resonance of this type yet reported. 


(71 9-4ep.peMarelativesto IMS), and as in 

90 
The most highly shielded example previously observed was the 
methyl carbon resonance of (n-CeH.)W(CO) ,CH, which occurs at 
oO Bepemer: 


In the complexes (CH SnRe (CO) , and (CH PbRe (CO) . 


gs 3)3 
couplings from the Group IV atoms to the methyl carbon atoms 
were observed. In the former case, even though an excellent 
spectrum of the carbonyl region was obtained, tin coupling 
to carbonyl carbon atoms was not observed. The coupling 
constants noted in Table XVI are rather similar to values 
found in this laboratory for the complexes evs-Ru (CO) ,- 


[sn(CH,) 5], and eis-Ru(CO) ,[Pb(CH,),],-"~ 


ca 
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(b) Resonances due to carbonyl carbon atoms 


Most of the complexes studied gave satisfactory spectra 
in the carbonyl region at ambient temperatures (see Table 
XVI); (CH,) ,PbRe (CO), wasS a notable exception. Even at -20°C 
an toluene-d, only a broad singlet (half-width ea. 25 Hz) was 
observed and this became even broader at temperatures up to 
70°C. The large half-width value over the wide temperature 
range employed suggests that quadrupole broadening and not 
stereochemical nonrigidity produces the observed line broaden- 
ing. It therefore appears that lower temperatures will have 
to be employed to obtain a satisfactory spectrum of this 
complex. This behaviour can be contrasted with that of 


(CH GeRe (CO), and CH,Re(CO)., in which the carbonyl peaks 


3)3 
remain clearly resolved at elevated temperatures. Line widths 
observed for the carbonyls cts to the substituents in these 
complexes are 14 Hz and 11 Hz respectively in toluene-d, at 
100°C. Thus quadrupole broadening is not a serious problem 


for these complexes. The sharply resolved spectrum of 


CH,CORe (CO) , is shown in Figure 25. 


13, NMR chemical 


A great deal of the discussion of 
shift values for carbonyl carbon atoms has centered around 
their correlation with CK carbonyl stretching force con- 


Beene In attempting a similar treatment of our own 


results, several interesting features have been noted. 
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In the following discussion of neutral mono-substituted 
metal carbonyl derivatives of the types IM(CO)., (Me= se Cr ee), 
and XRe (CO), the four equivalent carbonyl ligands eis to 
L or X and the unique carbonyl group trans to L or X will be 
designated "cis" and "trans" respectively. The assignment 
of cts and trans carbonyl resonances in these systems is 
straightforward on the basis of relative peak intensities. 

For the neutral mono-substituted rhenium carbonyl deri- 
vatives listed in Table XVI it can be seen that the trang 
carbonyl resonance is up-field from (i.e., more shielded than) 
the cts carbonyl resonance. This phenomenon has been con- 
firmed elsewhere for two rhenium derivatives®® and has also 
been observed for a related manganese complex. °® In con- 


trast, complexes of the type Ae) edi 21,95 


and LCr (CO) , 
give spectra in which the trans carbonyl resonance is always 

down-field from (i.e., more deshielded. than) the ets carbonyl 
resonance. The significance of this reversal of shielding 

of ets and trans carbonyls is apparent when it is considered 


that the force constant of the trans carbonyl is always 


lower than that of the Cues (Tab ler XVil) . eThus tetoil lows 


1 < k, anv 


known instances. Previous force constant value for 
Ph 3GeMn (CO), and Ph ,SnMn (CO) ,”° are incorrect due to a wrong 


* 
In octahedral complexes of this type k 


assignment. Correct energy factored values for PhGeMn (CO) . 
are k) = 16.40, k, = ae while those for Ph ,SnMn (CO) , are 
16.34 and 16.66 mdyn/A. These compounds are thus not 
exceptions to the generalization that k, < k.. 
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that in a given molecule one can make no prediction as to 
whether the cts or trans carbonyl will be more shielded on 


the basis of CK carbonyl stretching force constants. 


98 


In complexes of the type cts-X M (CO) where X is H 


4e 
or a Group IV ligand,?? and M = Fe, Ru, Os, the resonances 
of carbonyl carbon atoms trans to X are also found to be 
more shielded than those of the eZs Carbonylecacbons. 
Little work has been done on mono-substituted deriva- 
tives of manganese pentacarbonyl. However, it does appear 
that the generally observed /? large increase in shielding 
of carbonyl carbon resonances upon descending a transition 
13 


metal group is in evidence here. The ~C NMR Sspectzxum of 


CH,Mn (CO) . in the carbonyl region exhibits a broad, un- 


a2 
2 


FrelacivesloumMs)i sand thatuot C6H,CH Mn (CO), at —o7eC “shows 


resolved singlet at -21 p.p.m. relative to CS (-214 p.p.m. 

two signals at -211.1 and -209.1 p.p.m. due to eis and 

trans carbonyls respectively.°° These values can be compared 

with those of -185.2 and -181.3 p.p.m. for thelcis and truns 

carbonyls of CH,Re (CO), As has been mentioned previously?*'71 

such a large up-field shift when descending a group cannot 

be explained in terms of carbonyl stretching force constants. 
To apply the usual treatment of experimental data to 

our own results a plot of Cotton-Kraihanzel carbonyl stretch- 

i) 


ing force constants vs. C chemical shifts is shown in 


Figure 26. It can immediately be seen that for the cis 
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carbonyl carbon atoms an excellent correlation exists, with 
more highly shielded carbonyl carbon atoms belonging to 
ligands of higher force constants. It should be noted in 
this connection that points reported? for the cts carbonyls 
of complexes LW(CO) , faliwon a continuation of *ther same 
straight line. However, the correlation for the trans 
carbonyl groups is poor, a phenomenon which has previously 
been noted for a series of carbene derivatives of chromium 
carbonyl. 7! Thus changing chemical shifts of trans carbonyl 
carbon atoms are not always reflected by changes in carbonyl 


force constants, 


The Ionic Complex [(CH,CN) Re (CO), J] [PF.] 


A good spectrum of this compound was obtained at ambient 


temperature in CD,CN solvent (see Table XVI). The data will 


3 
be discussed in terms of non-carbonyl and carbonyl carbon 


atoms as before. 


(a) Resonances due to carbon atoms other that carbonyl 


carbon atoms 


Peaks due to cyanide carbon atoms were observed at -128.1 
p.p.em. and -118.3 p.p.m., and these were assigned to co- 
ordinated CH3CN and to CD3CN solvent, respectively. The 


absence of solvent exchange at ambient temperature was con- 


firmed by a further experiment in which a small amount of 
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CHCN was added to the solution. As well as the septet due 
to the cD, carbongot CD,CN, two CH, Singlets were observed 
at -4.3 and -1.6 p.p.m. The former resonance was that of 
the complexed CH3CN group, the latter that of the free 
CHCN in solution. The spectrum was essentially unchanged 
chs FAURE SR Hence any exchange between the two is slow on the 


NMR time-scale, 


(b) Resonances due to carbonyl carbon atoms 
SR RT SG i UE ee eed ae 


It is interesting to note that the trans carbonyl reso- 
nance is down-field from the cis resonance in this case (see 
Table XVI), in contrast to all the neutral rhenium deriva- 
tives discussed earlier. In this sense the spectrum 
resembles those of neutral complexes of the type LM (CO), 
iS Cr, Mo, W) where, in all cases reported so at eae 


trans resonance is down-field from the wen, Ue The reason 


why the [ (CHCN) Re (CO) .]* salt shows such different behaviour 
from the neutral XRe (CO) . species is not clearly understood 
at present. However, it is important to note that the 
reversal cannot be explained in terms of force constants 
since the ets carbonyl force constants are higher that those 
of the trans carbonyl in all cases (see Table XVdAb) 

As can be readily seen the data for the cis carbonyl 


force constant and chemical shift will not produce a point 


on the straight line in Figure 26. The significance of 
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this is hard to interpret at the moment since changes in 
the solvents used for IR and NMR studies relative to the 
neutral XRe (CO) . derivatives may be at least partly respon- 
sible. It should also be noted here that the carbonyl 
resonances for [(CH3CN) Re (CO), J [PF] remain well resolved 
in CD,CN at 70°C. “In view of the interesting features 


observed for this compound it is hoped that further cationic 


rhenium species of the type [LRe (CO) ,]” will be studied. 
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EXPERIMENTAL 


Compounds were prepared according to the methods in 


the references indicated: CH Re (CO) CH CORe (CO) ,, 


yk 5) 
CeH,Re (CO), and C gH CORe (CO) , were prepared by the method of 


q 


Hieber et Ap The sodium salt of Rey (CO) 15 was used. 


Displacement reactions using Na™Re (CO) .~ were used in 


60 


the preparation of (CH GeRe(CO),, (CH SnRe (CO) ., and 


3)3 qe 


(CH) ,PbRe (CO)... Details of the synthesis and characteri- 


sation of the germanium compound were described in Chapter 


II. The preparation of the lead compound has very wecencly. 


SIS) 


been reported and the infrared bands are in excellent 


agreement; the compound is colourless when pure, however. 


100 


Samples of C1,SiRe (CO). and (CH,) ,SiRe (co) .°* prepared by 


the reaction of Re, (CO) 14 with Cl.SiH -and® (CH SiH were 


5) 3)3 
kindly Supplied by Dr. W. Jetz. The method of Kaesz et x ee 
was used in the preparation of BrRe (CO) , and C1lRe (CO) ,; a 
samplerot the formerewas suppliedsby DreDs Dong. 

vets NMR spectra were recorded using the Fourier 
transform pulsed NMR technique, as described in Chapter VI. 
Proton-decoupling was employed in complexes containing 
hydrogen atoms, except as noted in the discussion. The 
number of scans was typically in the range 1,000 to 4,000. 
Spectra of neutral complexes were recorded in CDCl. at 
ambient temperatures (45°C for the Varian HA 100, 35°C for 
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the Bruker HFX-90), except as noted in the text. The salt 

[ (CH CN) Re (CO) ,] [PF] was prepared as described by Okamoto! 
from Rey (CO) 4 9 and NOPF in CH,CN solvent, and its spectrum 
was -recorded in CD3CN. Solution concentrations were 
generally of the order of 0.5 M, although somewhat higher 


13, chemical shifts were measured relative 


in a few cases. 
to the internal solvent resonance and are reported relative 
to TMS by use of the relations §(TMS) = 6 (CDCl) =e 35) 
p.p.m. and 6(TMS) = 6 (CD CN) eer GC yO eT 

Infrared spectra were recorded as described in Chapter 
II, and reported bands are considered accurate to tl ou 
Cyelohexane was employed as solvent for all neutral com- 
plexes, and dichloromethane was used for [ (CHCN) Re (CO) ,] [PF]. 
Approximate force constants were calculated using the Cotton- 
Kraihanzel approximation.?°3 In cases where infrared band 
positions not measured in this work were employed in force 
constant calculations, references are given in the footnotes 
to Table XVII. In such cases force constants were re- 


calculated from the published data to ensure internal 


consistency. 
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